Nanomagnetite enhances sand filtration for removal of arsenic from drinking water by Farrell, Jesse Walter
RICE UNIVERSITY 
Nanomagnetite Enhances Sand Filtration For 
Removal of Arsenic From Drinking Water 
by 
Jesse Walter Farrell 
A THESIS SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 
REQUIREMENTS FOR THE DEGREE 
Master of Science 
APPROVED, THESIS COMMITTEE: 
/S^c n, Professor, Mason Tomso Chair 
Civil and Environmental Engineering 
Qilin Li, Assistant Professor 
Civil and Environmental Engineering 
Pedro Alvarez, George R. Brown Professor, 
Civil and Environmental Engineering 
Vicki Colvin, Pitzer-Schlumberger Professor 
of Chemistry, Chemical & Biomolecular 
Engineering 
HOUSTON, TEXAS 
DECEMBER 2009 
UMI Number: 1486012 
All rights reserved 
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion. 
UMI 
Dissertation Publishing 
UMI 1486012 
Copyright 2010 by ProQuest LLC. 
All rights reserved. This edition of the work is protected against 
unauthorized copying under Title 17, United States Code. 
A ® uest 
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
ABSTRACT 
Nanomagnetite Enhances Sand Filtration 
For Removal of Arsenic and Other Heavy Metals 
From Drinking Water 
By 
Jesse Walter Farrell 
Arsenic in drinking water affects millions globally causing skin disease and 
cancers of the liver, stomach, and bladder. Large-scale treatment removes arsenic 
effectively; however, community- and home-scale treatments are typically less effective, 
more costly, or labor intensive. Nanomagnetite would enable effective, economical 
arsenic removal in low maintenance, household sand filters. Adsorption isotherms were 
used to display the As(V) capacity of nanomagnetite in a variety of natural waters and pH 
conditions. Column design and operating conditions were assessed for optimal removal. 
Breakthrough was most affected by nanomagnetite percentage, residence time, inlet 
concentration, and nanomagnetite aggregate size. NH4OH regenerated the 
nanomagnetite, allowing for repeated use. No detectable nanomagnetite escaped the 
column; however, permanent magnets were shown to capture >98% of nanomagnetite 
aggregates from a fluid stream. A case study proposes the use of nanomagnetite to treat 
arsenic contaminated groundwater in Guanajuato, Mexico to below the Mexican EPA 
drinking water standard for $0.23/m3. 
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1. Introduction 
Arsenic is widespread in the earth's crust and typically enters groundwater by 
dissolution from arsenic-containing minerals and ores in the subsurface. The 
International Agency for Research on Cancer recognizes that long term exposure to 
arsenic in drinking water elevates cancer rates of the skin, lungs, urinary bladder, and 
kidneys, in addition to several skin diseases (2004). As a result of the growing body of 
knowledge on the effects of arsenic, the US EPA began enforcing a reduced maximum 
contaminant limit for arsenic of 1 Op, g/1 in January of 2006. 
Large scale drinking water treatment plants can remove arsenic economically by 
relying on traditional FeCl3 or alum coagulation and flocculation, followed by 
sedimentation or filtration. However, that technology is not easily scaled down. Thus in 
the last decade, much research has been conducted on iron and iron-oxide based sorbents, 
as discussed more in the next chapter, that would enable arsenic treatment at smaller 
scales. One promising adsorbent is the iron-oxide magnetite which, as a nanoparticle, 
displays high affinity for both As(III) and As(V) and, as the most magnetic natural 
mineral on earth, can be manipulated by a low-strength magnetic field (Harrison, Dunin-
Borkowski et al. 2002; Yavuz, Mayo et al. 2006). However, little has been done beyond 
batch studies to determine more ideal design and operating conditions of a magnetite-
based treatment method that could disseminate into wide use. 
With a focus on direct application, this thesis examines the incorporation of 
magnetite nanoparticles (nanomagnetite) into sand filtration for removal of arsenic from 
drinking water. In order to determine parameters for optimal column design, I ran 
multiple experiments with nanomagnetite blended with sand in ratios of 0.25% to 20% by 
1 
2 
weight, and then assessed the effect of solution conditions, column dimensions, and 
operating variables on arsenic removal. Those experiments near the low range of 
magnetite concentration allowed for expedited assessment of how competing ions, 
magnetite concentration, blending methods, column length, flow rate, and contact time 
affect breakthrough characteristics. By increasing the magnetite concentration within the 
column, the arsenic removal capabilities of the column improved, thus requiring longer 
runtimes and greater volumes of water before the onset of arsenic breakthrough. All flow 
velocities were kept constant at the maximum recommended flow rate for biosand filters 
(600 L/hr-m ), unless otherwise noted (i.e., where the flow rate was varied to observe 
effects of varying flow rates). 
Various water quality parameters affect adsorption equilibrium and kinetics of 
arsenic to nanomagnetite. Interfering ions, dissolved organic carbon, pH, and enhancing 
ions such as zinc and ferric iron play a major role (Shipley 1997; Shipley, Yean et al. 
2009). The combination of these factors makes it difficult to extrapolate actual 
adsorption using complex natural waters. Given the focus of this research on direct 
application, local ground and surface waters were used directly in this work, rather than 
laboratory synthesized waters. Adsorption isotherms were used to estimate the upper 
limits of arsenic removal at varied conditions for column experiments; however, these 
provide rough predictions that do not take into account factors of column dynamics such 
as non-ideal flow paths and kinetic limitations affected by residence time and interfering 
ions. 
The research also includes testing of heavy metals other than arsenic. Often 
arsenic is not the only heavy metal contaminant of concern in drinking waters. To 
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observe the potential of removal of other heavy metals, twenty-nine elements, each at 
10(ig/l, were added to the inlet water for several column experiments. Metals of primary 
environmental interest included: Ag, As, Be, Cd, Co, Cr, Cu, Ni, Pb, Se, U, V, and Zn. 
This thesis lays groundwork for planned future work (1) to enable arsenic removal 
in traditional household bio-sand filters, such as are used across the developing world, 
and (2) to design an inline filtration system for arsenic-contaminated well water in 
Guanajuato, Mexico. In addition, this research assesses the efficiency of capturing 
aggregated nanomagnetite from a flowing water stream using magnetic elements. 
Magnetic removal might be used as a final treatment step in a nanomagnetite-based 
treatment process as both a safeguard and indicator of whether the treated water is free of 
nanomagnetite. 
Organization of Thesis 
The thesis is organized into six chapters. Beyond this introduction in Chapter 1, 
Chapter 2 contains background information and a review of the literature. Next, the 
materials and methods used in this study are presented in Chapter 3, and results are 
discussed in Chapter 4. Chapter 5 presents a case study of water quality issues in 
Guanajuato, Mexico, and examines the potential for treatment using arsenic adsorbents 
included in this work. Finally, Chapter 6 summarizes major findings and proposes areas 
of future work. 
2. Background and Literature Review 
Arsenic chemistry, occurrence, uses 
Except for cases of occupational exposure, arsenic is primarily ingested through 
drinking water. Arsenic occurs in the -III, 0, +III, and +V oxidation states. In 
oxygenated waters, As(V) predominates in the form of inorganic arsenate. Arsenate 
follows the deprotonation scheme from H3ASO4 to H2ASO4", HASO42", and ASO43" with 
pKa values of 2.1, 6.7, and 11.2, respectively. Given moderately reducing conditions, 
As(III) predominates and takes the form of arsenite (H3ASO3) at pH conditions below 9.1. 
The pKa values for the deprotonation to H2ASO3", HASO32", and ASO33" are 9.1, 12.1, and 
13.4, respectively. The relative proportion of As(III) to As(V) varies with the source, the 
pH, the redox potential and microbial activity. Figure 1 displays the predominant species 
at equilibrium for a given pH and redox potential. 
pH 
Figure 1 - The Eh-pH diagram for arsenic (10 M) and sulfur (10°M) at 25°C and latm 
(Wang and Mulligan 2006). 
14 
4 
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At lppm-1.8ppm, arsenic is the 20th most common element in the earth's crust 
(Matschullat 2000), while seawater concentrations range from l-2|ig/l (Barbalace 1995-
2009). Except for incidences of localized industrial contamination, arsenic usually enters 
the groundwater through interaction with the geological formation through natural 
processes of oxidation-reduction, ligand exchange, adsorption, and precipitation 
(Ferguson and Gavis 1972). This is the case in the United States, where naturally 
occurring arsenic is present in elevated concentrations through parts of the southwest, 
midwest, northeast, and South Texas (Figure 2). 
Arsenicconosntrations in atleast 
Figure 2 - Arsenic concentrations found in at least 25% of ground-water samples within a 
moving 50km radius (Ryker 2001). 
The release of arsenic from anthropogenic sources in the industrial age has been 
primarily due to arsenic mining and combustion of coal and petroleum (Han, Su et al. 
2003). Current production is around 47,000 metric tons per year. One study of mining 
areas in the Salamanca Province in Spain showed extreme arsenic contamination (>1000 
6 
mg/kg) in soils near mine tailings, but found that contamination plumes were limited to 
less than 500m (Garcia-Sandchez and Alvarez-Ayuso 2003). The authors believed that 
naturally occurring iron oxy-hydroxides in the soil prevented further transport. 
During the past 100 years, arsenic has served many uses in herbicides, fertilizers, 
wood preservatives, animal feed additives, corrosion inhibitors, paint pigments, semi-
conductors, metal alloys, glass manufacturing, and medicine (Doyle 2009). In 2003, 
about 90% of arsenic produced was used as copper chromate arsenate for wood 
preservation treatment. Arsenic-bearing products are becoming less common as they are 
phased out with products more benign to health and the environment. 
Knowledge of the prevalence of arsenic-containing groundwater is a recent 
phenomenon due to the historic scarcity of detection methods and high detection limits 
for arsenic. In Bangladesh and the bordering West Bengal area of India, UNICEF led an 
initiative with global support in the 1970s to drill millions of tube-wells which curbed 
one-quarter million fatalities per year which resulting from water-borne diseases 
transmitted through drinking the raw surface water in the area (Bagla 2003; Meharg 
2005). By the 1990s, the number of tube wells grew to more than 10 million. In 1983, 
Dr. Saha noticed a large number of cases of peculiar skin diseases. One year later he 
published a study alerting of high levels of arsenic within the groundwater and its 
widespread effects within his region of Bangladesh (Garai, Chakraborty et al. 1984). 
Tragically it was not until 1996 that the scope of the problem was recognized by the 
world body, at which time WHO declared the arsenic problem a major public health 
issue. In Banglaesh, 59 of the nation's 64 districts and 9 districts in West Bengal have 
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arsenic concentrations above the Bangladeshi standard of 50|ug/l with some levels 
measured up to 4,000|ig/l (Chowdhury, Biswas et al. 2000). 
The primary route of arsenic intake for individuals is through food and beverages 
(WHO 2004). Arsenic shows up in food (rice, fish) in a less toxic, organic form which 
the body is better able to process. Organic species, mostly methylated arsenic is most 
often less than 1% of the total arsenic. 
Arsenic Health Effects & Regulatory Limits 
Long-term exposure to arsenic continues to be a topic of many epidemiology 
studies due to the overwhelming causal link to cancers of the skin, lung, bladder, and 
kidney in addition to skin pigmentation, skin thickening or hyperkeratosis, neurological 
disorders, muscular weakness, loss of appetite, and nausea (Jain and Ali 2000; Mandal 
and Suzuki 2002). The most comprehensive statistical study on human subjects was 
performed in an area of Taiwan where approximately 100,000 people had lived subsiding 
on groundwater for over sixty years with elevated arsenic concentrations (Tseng 1977). 
The study surveyed 40,421 inhabitants and follow-up was made with 1,108 cases of 
blackfoot disease, a form of gangrene. The overall rates of blackfoot disease were 8.9 in 
1,000 and of skin cancer were 10.6 in 1,000 in the area. An increase in the adverse 
effects was correlated with the household groundwater sources with greater arsenic 
content. 
In one study, elevated levels of arsenic exposure by mothers during pregnancy 
was correlated with increased alteration of gene expression, which may lead to higher 
risk of cancer for children later in life (Fry, Navasumrit et al. 2007). Even though the 
children may never drink contaminated water, their prenatal exposure may have lasting 
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damage. This premise was confirmed in mice exposed to arsenite in utero through 
maternal exposure. The adult offspring had high incidence of urinary bladder, lung, and 
liver cancers. 
There is growing interest in the potential links between arsenic and type-2 
diabetes, as Navas-Acien recently published a studying confirming statistically that those 
affected by the disease had higher concentrations of arsenic in their urine, an indicator of 
arsenic exposure (2008). 
Based on the growing body of knowledge, the US EPA reevaluated previous 
acceptable limits. In January of 2001, they agreed to modify the maximum contaminant 
limit from 50(j,g/l to 10|Lig/l and set a maximum contaminant level goal of 0|ig/l. These 
limits were set in recognition of the balance between adverse health effects and the high 
cost of treatment that would be imposed, especially on small water systems. Compliance 
to the new rule became required in January 2006. 
Methods of Arsenic Removal 
There are four overarching categories of arsenic removal processes: precipitation, 
membrane filtration, ion exchange, and adsorption (Feenstra, Erkel et al. 2007). 
Precipitation is the most common technique, whereby iron or aluminum salts are 
used to co-precipitate arsenic and are separated from solution. Only partial removal of 
As(III) is accomplished by this method so chlorine or permanganate is commonly used in 
pretreatment to oxidize As(III) to As(V). In the case of iron coagulation, hydrous ferric 
oxide (HFO) is formed during hydrolysis. HFO has high affinity for arsenic and 
extremely high surface area (600m2/g) resulting in quick and effective removal. The 
drawback is that HFO is amorphous and therefore more difficult to separate from the 
9 
treated water. Separation is usually accomplished through sedimentation and rapid sand 
filtration or microfiltration. These separation processes are economical at large scale, 
appropriate for centralized treatment systems, but are not easily scaled down for remote, 
contaminated village wells where arsenic-contamination is often the worst. 
Reverse osmosis, nanofiltration, and electrodialysis can be used to remove arsenic 
and at smaller-scale; however, these techniques generally require high capital investment 
and maintenance costs, and skilled operators. Membrane technologies are among the 
most expensive of the treatment options (Mohan and Pittman 2007). 
Ion exchange processes involve exchange of arsenate anions in solution for anions 
electrostatically bound to a solid substrate. The substrate is often a synthetic exchange 
resin. The nonionic arsenite species must be preoxidized to arsenate to enable removal 
by ion exchange. 
Adsorption processes allow for scalable arsenic treatment at almost any level, 
although not as cost competitive as precipitation processes. The advantage of adsorptive 
materials is that they are solids and therefore easier to separate from solution than their 
aqueous counterparts used in precipitation processes. Adsorption typically involves 
passing water through a column with packing media to which arsenic attaches to the 
surface via chemical or physical bonds. The current research of sand and nanomagnetite 
packed columns falls under this category. Other arsenic adsorptive media include other 
iron oxide and oxy-hydroxide media such as granular ferric hydroxide (GFH), iron coated 
sand, activated alumina, surface modified activated carbon (Huang and Fu 1984; 
Hristovski, Westerhoff et al. 2009), and titanium dioxide. 
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Performance Review of Adsorbents 
Comparison of arsenic adsorbents must be made in recognition of the various 
solution conditions used in various studies and the equilibrium arsenic concentration. 
Table 1 displays the published adsorption capacities of several arsenic adsorbents with 
corresponding solution conditions. Nanomagnetite (12nm) is by far the most competitive 
adsorbent listed for As(III) on a surface area basis. On a weight basis, the iron oxides 
and the titanium dioxide adsorbents display the highest affinity for arsenic. There are 
many studies on low-cost materials that may be readily available in certain areas that 
could act as suitable adsorbents in some cases (Mohan and Pittman 2007). Additional 
review and analysis would be needed to compare the kinetics and adsorption capacity 
performance of the many adsorbents for a given water treatment process. 
Table 1 - Comparison of As(III) and As(V) adsorbents. (Adapted from Shipley 2007) 
Adsorbents Valence Adsorption capacity Solution References 
Mineral Size SSA* State junol/m2 mmol/g Conditions 
(nm) (m2/g) 
HFO 600 Aslll 5.85 3.51 pH=8 Dixit and 
AsV 4.47 2.68 pH=4 Hering, 
Geothite Aslll 0.173 pH=8 2003 
AsV 0.1730 pH=4 
Fe304 Asm 0.332 pH=8 
Fe(OH)3 Aslll 0.488 pH=7 Pierce and 
Moore, 1982 
Fe(OH)3 AsV 1.5 pH=4 
Fe304 300 3.7 Asm 5.62 0.021 pH = 8.0 Yean et al., 
Fe304 20 60 Asm 6.48 0.388 pH = 8.0 2005 
Fe304 11.72 98.8 Asm 15.49 1.532 pH = 8.0 
18.22 1.800 Aseq=34mg/l 
Fe304 300 3.7 AsV 3.89 0.014 pH = 4.8 for entire 
2.70 0.010 pH = 6.1 study 
Fe304 20 60 AsV 2.54 0.152 pH = 4.8 
1.69 0.101 pH = 6.1 
1.32 0.079 pH = 8.0 
Fe304 11.72 98.8 AsV 6.30 0.623 pH = 8.0 
23.30 2.300 
(3-FeOOH 2.6 330 As V 5.4 1.79 pH= 7.5 Deliyanni et 
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IS = 0.1 M al, 2003 
Iron-oxide 10.6 AsIII 0.05 0.00 pH = 7.6 Thirunavuk-
Coated Sand AsV 0.05 0.00 Aseq=100 fig/1 karasu et al. 
2003 
Activated 370 AsIII 0.01 0.00 pH= 7.6 Singh and 
Alumina Aseq=lmg/l Pant, 2004 
Activated 195 AsV 0.63 0.12 pH -7.0 Takanashi et 
Alumina Aseq=50jug/l al, 2004 
Ti02 334 AsIII 2.39 0.80 pH = 4.0 Dutta et al . 
AsV 0.50 ASeq-113mg/l 2004 
TiO, 251 AsIII 1.50 0.43 pH = 7.0 Bang et al . 
AsV 0.55 Aseq=80mg/l 2005 
GFH AsV 0.03 pH = 8-9 
Aseq=100mg/l 
Daus et al , 
2004 
GAC 1065 AsIII 0.00 0.00 pH = 7.0 Reed et al. 
AsV 0.06 0.06 Aseq=l mg/l 2000 
Iron-oxide 840 AsIII 0.07 0.06 pH = 7.0 Reed et al . 
impregnated AsV 0.07 0.06 Ast.q=lmg/1 2000 
GAC 
Magnetite nanoparticles show particular promise as an arsenic removal media. As 
displayed in the chart above, Yean et al. and Mayo et al. found that by reducing 
nanomagnetite particle size from 300nm to 12nm, adsorption increased by almost 200 
times, a more than proportional increase in relation to surface area (Yean, Cong et al. 
2005; Mayo, Yavuz et al. 2007). While most arsenic adsorbents are significantly less 
effective at removing As(III) than As(V), Shipley found that nanomagnetite adsorbs 
As(III) and As(V) similarly, consistent to the findings of other researchers for magnetite 
of larger particle size (Ohe K 2005; Gimenez, Martinez et al. 2007; Shipley, Yean et al. 
2009). In addition, both As(III) and As(V) hysteretically adsorb to the magnetite surface, 
minimizing the risk of arsenic release (Yang 2009). Hysteresis means that the process of 
desorption does not follow the same path as adsorption. 
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Small Scale Treatment 
Even with advances in many small scale arsenic removal technologies, no 
solution has emerged as the 'magic bullet' for removing arsenic. The complexity of 
designing appropriate, sustainable solutions for the water needs of differing areas makes 
this a difficult task. Appropriate solutions vary based on the water chemistry, water 
quantity and quality required, and cultural acceptability. Furthermore, some technologies 
are very effective at removing arsenic, but are dependent on a high capital 
investment, continuing costs, user training, user involvement, a continuous supply chain 
of materials, etc. 
By modifying existing water treatment processes already in use in target areas, 
there are fewer hurdles to overcome for acceptance and dissemination. One existing 
technology is sand filtration at the household scale which largely came out of the work of 
Dr. Manz in 1990s at the University of Calgary. The product of his work is now called 
the biosand filter, which numbers over 200,000 in the developing world (Figure 3). Its 
popularity stems from its simplicity, versatility, low cost and health benefits. The 
biosand filter removes 95-99% of bacteria, viruses, and other organisms, but it does little 
to remove arsenic. Typical breakthrough of arsenic through sand occurs after 1-2 bed 
volumes of filtered water. Dr. Manz, the developer of this technology, endorses the 
method of extensive pretreatment by chlorination, to oxidize the As(III) to As(V), 
followed by addition of ferric sulfate for arsenic sorption to hydrous ferrous iron. The 
solution must be stirred and allowed to settle for one hour, similar to common practice in 
modern wastewater treatment facilities. The process is to be repeated twice before the 
water is ready to be poured through the biosand filter. This is an effective method for 
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producing drinking water within quality standards of the WHO, but the method is 
significantly labor and time intensive and would not easily produce large quantities of 
water. 
Figure 3 - Depiction of a biosand filter (www.biosandfilter.org) 
An alternative to this method, developed at MIT, involves the addition of 5kg of 
iron nails to the diffuser tray of the biosand filter (Ngai and Walewijk 2003; Ngai, 
Shrestha et al. 2007). As the iron nails rust and corrode in the presence of oxygen and 
water, the arsenic sorbs to the iron-oxy-hydroxides that form and 83% to 96% removal 
can be obtained. The study began in 2002 and is continuing in extensive field trials. 
There are several drawbacks however. This method is effective for As(V), but not for 
As(III), and performance has been inconsistent in field trials. Chiew et al. found that for 
three source waters in Cambodia, removal was only that 40% to 75% effective and left 
arsenic levels in the effluent between 74 and 226}j.g/l (2009). The reduced effectiveness 
was attributed to short residence times in the diffuser basin and high concentrations of 
phosphate and low soluble iron in the influent water. Significant amount of iron 
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deposited into the filter which reduced flow rate and increased the required frequency of 
backwash. During the backwash/cleaning cycle, the biofilm was agitated and required 
days to weeks to regain its effectiveness against harmful pathogens. 
In contrast to the MIT work, nanomagnetite incorporated into the sand bed would 
likely not affect pathogen removal in the biofilm layer and would have a long period in 
contact with the water as it slowly percolates through the 40-50cm sand layer. This 
allows for 15-30 minute residence time at a minimum for interaction with the 
nanomagnetite. During intermittent pauses, residence time would increases substantially, 
minimizing any kinetic limitations to adsorption, as discussed later. 
Conventional Slow Sand and Rapid Sand filtration 
For larger scale operations, nanomagnetite may be compatible with slow or rapid 
sand filtration. Slow sand filtration (SSF) is recognized by the World Health 
Organization as one of the simplest, least expensive, and most effective technologies for 
water treatment. Use of SSF is widespread not only in developing areas, but also for 
large treatment works in many developed nations such as the United Kingdom, The 
Netherlands, Germany, and Switzerland (Ray 2002). A typical slow sand filter is 
displayed in Figure 4. Water is passed downward through approximately 0.9m of sand at 
flow rates between 0.1 to 0.4m/hr (Huisman 1974). The average sand size is 
approximately 0.3mm. A bed of 0.15-0.9m of gravel acts as a support for the sand. Head 
loss varies between 0.9 and 1.5m of water. Contact times within a rapid sand filter may 
be several minutes. After the initial 10-20 days of operation, a gelatinous layer, referred 
to as the Schmutzdecke or biofilm, develops on the top few millimeters of sand. 
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Bacteria, fungi, and protozoa feed on potentially harmful pathogenic material in the raw 
water. 
Filter Re quitting Weir Clearwater 
mater 
Figure 4 - Diagram of a slow sand filter (Huisman 1974). 
A rapid sand filter, as depicted in Figure 5, operates at flow rates typically 
between 4-21m/h, resulting in residence times on the order of a few minutes. Larger 
particle grain sizes are used, between 0.6-2mm. Rapid sand filtration removes turbidity 
and allows physical adsorption to occur (Huisman 1974). 
Figure 5 - Diagram of rapid sand filter (MECC 2009). 
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Magnetic force 
For effective magnetic separation, the force exerted on the particle must exceed 
the other forces acting on the object such as Brownian force and gravity. The magnetic 
4 / d \ 3 
force, Fmag, is equal to FB = - (-1 MsatVB, where d is the diameter of the particle, Msat 
is the saturation magnetization of the material, and VB is the magnetic field gradient. 
The Brownian force, FB, is equal to FB = where kB is the Boltzmann constant, T is 
the temperature, and d is the diameter (Yavuz, Mayo et al. 2006). 
To take advantage of the dependence of magnetic force on the field gradient, steel 
wool can be added to a system. In the presence of a magnetic field, the magnetic field 
lines distort around the magnetically-susceptible steel wool (iron) fibers, resulting in a 
localized, high field gradients around each fiber. Thus a strong magnetic force can be 
induced on magnetic particles in close proximity to steel wool, accomplishing efficient 
removals at low external field strengths. 
CSTR versus Packed Column reactors 
Continuous flow processes allow for increased throughput capacity, reduced 
capital and human operator requirements, and thus a lower overall cost compared to batch 
processes. An incremental upgrade from a batch system can be made by the addition of 
inlet and outlet streams to a stirred tank reaction vessel. Also known as a continuous 
stirred-tank reactor (CSTR), that process allows for higher and continuous throughput of 
water, but it has several disadvantages: slow adsorption kinetics, high nanomagnetite 
requirements to accomplish the same arsenic removal as a batch process, a more 
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complicated design, significant user involvement or electricity required, and potential 
health risks of the treated water containing traces of nanomagnetite with bound arsenic. 
When nanomagnetite is incorporated into a plug flow reactor or, more 
specifically, a packed column reactor, many of those drawbacks are avoided. From a 
reactor design perspective, the reduced capital, energy requirements, and mechanical 
complexity of a column provide clear advantages over a CSTR system. In a packed 
column reactor, the nanomagnetite is fixed in place as water percolates through the length 
of the column. Arsenic removal is achieved through the full length of the column 
because water at its highest arsenic concentration encounters the most saturated 
magnetite at the column entrance and then exits at its lowest arsenic concentration in 
equilibrium with the less saturated magnetite later in the column (Moel, Verberk et al. 
2006). This produces an effluent with the lowest possible arsenic concentration in 
equilibrium with the least saturated magnetite at the exit of the column. Only a long 
series of CSTR reactors would be able to attain similar efficiency, but at a much higher 
cost and complexity. The packed column reactor may be operated until the 
nanomagnetite at the exit of the column has reached its loading capacity at the given inlet 
arsenic concentration, as described by the equilibrium partitioning between the water and 
nanomagnetite solids (Kd). Once saturated, the nanomagnetite can be regenerated in 
place or removed for disposal. 
Packed Column Design 
The design of the packed column is important. If water were to be passed through 
a column of nanomagnetite alone, high pressure would be required to obtain a reasonable 
flow rate due to the small particle size of nanomagnetite. Channeling and loss of media 
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could occur as well (Hristovski, Westerhoff et al. 2008). The nanomagnetite used in this 
research is in an aggregated state with 50% of the aggregates by weight having particle 
diameters under 100 microns. In comparison, the ideal particle size for use in any fixed 
bed filtration is 0.5mm to 12mm (Sontheimer 1988). Within that range, pressure drop is 
minimized, while still allowing for sufficient contact area for contaminant transfer. In 
order to raise the effective particle size of the packed nanomagnetite column, sand was 
chosen as a low cost packing media to mix with the nanomagnetite. In practice, the 
nanomagnetite is dispersed among the sand particles, effectively coating the sand, and is 
able to participate in sorption, while not impeding flow. 
To help prevent the loss of fine particles in the case of fluidization of the bed, 
adsorbent columns are typically run in downflow mode. A minimum column diameter to 
particle diameter ratio of approximately 20:1 is recommended in order to minimize wall 
effects. However, Arbuckle and Ho found little to no wall effects at ratios as low as 7:1 
in GAC columns (Arbuckle and Ho 1990). 
Adsorption and Surface Complexation 
The Freundlich isotherm is an empirical model useful for fitting adsorption 
behavior with only two adjustable constants: 
1e = KdCe / n 
or in linear form 
logqe = logKd +^logCe 
where 
qe = equilibrium arsenic concentration on the solid (ug/g) 
Kd = adsorptive capacity constant (ug/g)/(ug/l)1/n 
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Ce = equilibrium arsenic concentration in the solution 
1/n = adsorptive intensity constant 
The Freundlich model allows for multiple types of adsorption sites with different 
sorption free energies. When the sorption free energies of the sites are constant with 
changing sorbate concentration, the exponent term is equal to 1. When the exponent is 
less than or greater than one, this indicates more favorable or less favorable adsorption 
free energy associated with increasing sorbate concentration (Schwarzenbach, Gschwend 
et al. 2003). 
Adsorption to the surface of iron-oxide is affected by electrostatic and chemical 
interactions. The iron-oxide surface has a positive, neutral or negative charge with 
increasing pH in relation to the pHpzc. The pHpzc occurs between the pKa values and 
depending on the iron-oxide, is approximately 8.1. Electrostatic attraction or repulsion is 
dependent on the surface charge and the charge of arsenate and arsenite, which is also 
determined by pH. Adsorption related equilibria occur as represented below 
(Westerhoff, Karanfil et al. 2006; Gustafsson 2009): 
=FeOH2+ ^ =FeOH + FT pKal = -7.3 
=FeOH <-• =FeO~ + H+ pKa2 = -8.9 
SOH + H 3 A S 0 4 <-» SAs042" + H 2 0 + 2H+ log(Keq) = -0.50 
S 0 H + H3AS03 SAs03" + H 2 0 + 2H+ log(Keq) = 5.27 
Interferences 
Natural waters contain a matrix of chemical components that may interfere with 
arsenic adsorption to nanomagnetite. While the impact on arsenic adsorption is difficult 
to predict for the complex chemical make-up of a natural water source, insight to the 
relative effect of each component can be gained from a review of the effects of individual 
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contributing species. Among the interfering species commonly present in groundwater or 
surface water, the literature has given much attention to phosphate, sulfate, silica, 
vanadium, and carbonate interferences on arsenic adsorption to various iron oxide 
species. 
Phosphates 
Phosphates compete with arsenates for nanomagnetite adsorption sites to a degree 
as they share several similarities with arsenates. Both have an oxyanion structure, share a 
similar protonation scheme relative to pH, and form bidentate complexes at the surface of 
iron oxides (Zeng, Fisher et al. 2008). Zhao et al. found that on the surface of goethite, 
phosphate reduces arsenic adsorption, and conversely, arsenic reduces phosphate 
adsorption; although the sum of adsorption of arsenic and phosphate species is greater 
than either alone (2001). However, arsenic binds more strongly to iron-oxides than do 
phosphates (Pigna and Violante 2003). Jain and Loeppert found that the decrease in 
arsenic adsorption was pH dependent (2000). Most research on the competition of 
phosphate is conducted at concentration ranges higher than those typically found in 
natural waters. 
Sulfates 
Although commonly found in natural waters, sulfates do not significantly 
interfere with adsorption of arsenic. Jain and Loeppert found in molar ratios of 50:1 
(S:As), arsenate adsorption to ferrihydrite is not significantly affected and is, in fact, 
slightly improved at pH above 7 (2000). The increased adsorption may be due to the 
increase in ionic strength which compresses the electrical double layer and minimizes 
repulsive forces approaching the surface of ferrihydrite. This may explain why 
adsorption of the non-ionic arsenite had no effect. 
Silicates 
Silica is prolific in the environment and binds strongly with iron oxides. The 
concentration of soluble silica (quartz) in groundwater is directly proportional to 
temperature and can be used as a geothermometer (Wright 1991). Dow Chemical's TiC>2-
based arsenic adsorptive media, Adsorbsia™GTO™ is promoted to be the most resistant 
to the presence of silica compared to leading iron-based media. In column study, by 
increasing silica concentration from 10mg/l to 40mg/l, Adsorbsia™GTO™ breakthrough 
of 10% of the inlet arsenic concentration occurs in one-fifth the time. 
Vanadates 
Vanadates have similar structure as arsenate and compete for adsorption sites on 
iron-based media. Aragon observed only a 10% reduction in adsorption capacity to iron-
impregnated activated carbon in adsorption isotherms with NSFI-53 challenge water at 
pH 6.5 and 8.5 with 1 OOjj.g/1 vanadium as compared to without vanadium (2005). 
Zinc effect 
Yang et al. found that more arsenic adsorbed to nanomagnetite in the presence of 
Zn(II) at pH 7 and above (2008). Yang proposed a mechanism of ternary surface 
complexation between the magnetite surface, Zn(II) ions, and arsenic oxyanions. Zn(II) 
was the only divalent cation that had this effect. Addition of Ca(II) slightly hindered 
adsorption. 
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Adsorption Kinetics Modeling 
Shipley et al. developed a kinetics model for both As(III) and As(V) adsorption to 
nanomagnetite in a stirred tank reactor by empirical correlation based on least squares 
analysis modeling (2009). The fraction of arsenic remaining in solution over time is 
represented by the equation. 
where Ct is the concentration of arsenic at time t, C0 is the initial arsenic concentration, 
KL (1/g) is the partitioning constant for a linear portion of a Langmuir isotherm, rsw is the 
solid-to-water concentration of magnetite (g/1), and k is the empirically determined rate 
constant (1/hr). A solution of lOOp.g/1 As(III or V), 100mg/l bicarbonate, 0.01M THAM 
buffer, and pH of 8.00 were used to fit the empirical constant, k, for the experimental rsw 
conditions: 0.05, 0.1, 0.2, and 0.5 g/1. The k value scaled linearly with rsw in the range of 
values tested; however extrapolating the k value with rsw values several orders of 
magnitude higher, as seen in packed columns, may not give reasonable values. 
Zhang and Selim modeled the kinetics of competitive sorption of phosphate and 
arsenic adsorption to various soils (2005; 2007). In their work they used a multi-reaction 
model approach that assumes some sites are dependent largely on kinetics, while others 
experience rapid or near instantaneous adsorption equilibrium. This results in the 
observation of an initial rapid reaction, followed by a much slower reaction behavior. 
This is consistent with As(V) adsorption to nanomagnetite observed in Shipley's work 
(2009). 
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Filtration Theory: Equilibrium and Kinetics 
Adsorption isotherms may give an idea of the removal capacity of a column. 
Vaughan et al. found similar performance in isotherms and column experiments, with 
higher column residence times approaching the isotherm value (2007). However, this is 
not always the case, as found in this thesis work presented in the results section, as the 
competitive interactions between adsorbing compounds affect adsorbent sites differently 
under dynamic conditions (EPA 1996). 
In an adsorption column, the adsorption of As is not instantaneous. The ions must 
migrate from the bulk solution to surface sites of the nanomagnetite (Seader 1998). This 
involves four steps: 
1. External mass transfer from the bulk fluid through a boundary layer to 
the external solid surface of the nanomagnetite aggregates, 
2. Internal mass transfer from the external surface to within the pores of 
the nanomagnetite aggregates by pore diffusion, 
3. Surface diffusion to sites of lower concentration, and 
4. Adsorption onto the nanomagnetite surface. 
For an ideal fixed bed adsorption column, the concentration front would appear as 
a sharp, step-like function called a stoichiometric front (Figure 6). Upstream of the 
stoichiometric front the media would be completely saturated with arsenic, while 
downstream of the front the fluid the media would be completely unsaturated. The time 
for the stoichiometric front to travel the full column length is referred to as the 
stoichiometric time. The necessary assumptions for this behavior are: 
1. Mass transfer resistances (both external and internal) are negligible 
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3. 
4. 
5. 
Plug flow is valid (constant velocity along cross any cross section of 
pipe and no momentum boundary layer adjacent to the inner wall of the 
pipe) 
Axial dispersion is negligible 
Adsorbent media is initially free of arsenic 
At the stoichiometric front, arsenic instantaneously reaches equilibrium 
between solid and liquid phases according to the adsorption isotherm. 
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Figure 6 - Stoichiometric concentration front for ideal fixed-bed adsorpion column 
(Figure 15.27 from Seader 1998) 
The retardation factor, R, describes the relative movement of the stoichiometric 
concentration front of a contaminant versus the flow of solution through a porous media. 
Using the retardation factor, the theoretical maximum volume of water able to be treated 
can be calculated given the five assumptions from above. The retardation factor and the 
total treated volume are related as 
R- 1. = V / , 
R = 1 + 
ads 
Kd Pb 
Vtot = VPVXR 
where fads is the fraction of the species that is adsorbed in the system, Kd is the 
distribution coefficient (L/g), pb is the bulk density of the solid magnetite (g/L), 8 is the 
porosity of the column, Vtot is the theoretical maximum water treated before 
breakthrough, and Vpv is the pore volume within the column (Sontheimer 1988). In the 
case of a non-linear adsorption isotherm, the Kd is concentration dependent. 
However, for a non-ideal adsorption column, breakthrough occurs in an s-shape 
and at an earlier time due to dispersion, kinetic limitations of mass transfer, and a 
relaxation of the other assumptions listed above. Therefore, it is helpful to define the 
mass transfer zone (MTZ) as the moving concentration front where the arsenic 
concentration, C, in the fluid is between 5% and 95% of the feed concentration, 
represented as CF or Co (Seader 1998). Inside the mass transfer zone, arsenic is actively 
transferred from the liquid phase to the solid phase. Outside of the MTZ upstream, 
arsenic passes the saturated media unaffected, while downstream of the MTZ only 
minimal arsenic is in solution available for adsorption. Figure 7 displays concentration 
profiles at different times through a column of length LB. At time t2 the MTZ is 
completely within the column, bound by LS and LF. The time tb, displays the point of 
initial arsenic breakthrough, the point where the MTZ reaches the end of the column bed. 
Figure 8 is another representation of the observed arsenic breakthrough fraction as seen 
from the distance, LB, at the end of the packed bed. This representation or similar, based 
on volume of water treated, is often referred to as the breakthrough curve. Understanding 
the mass transfer zone and the resulting breakthrough curve is useful to determine when a 
column will exceed a certain threshold and require regeneration or replacement. 
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Distance through bed, c 
Figure 7 - Concentration fronts in a fixed-bed column with mass transfer effects (Figure 
15.28a from Seader 1998). 
Time, / 
Figure 8 - Breakthrough curve on a time basis. (Figure 15.28b from Seader 1998) 
Regeneration of iron-oxide based systems 
After adsorption to iron-oxide based media, several researchers have 
demonstrated the ability to successfully remove the arsenic and reuse the media for 
repeated adsorption cycles. Sylvester et al. reported that a warm caustic solution of 
NaOH effectively regenerated arsenic-saturated ion-exchange resins within 4 bed 
volumes (2007). The HFO-based adsorbent was regenerated by a 10% NaOH solution 
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with a minimum empty bed contact time (EBCT) of 6 minutes. After regeneration, the 
bed was rinsed with 10-15 bed volumes of water sparged with carbon dioxide to return 
the column to neutral pH conditions. The arsenic removal capacity of the regenerated 
media actually increased over the first adsorption cycle. Huang and Fu found that strong 
acid or base desorbs As(V) from activated carbon media, but future adsorption capacity 
of the media was hindered (Huang and Fu 1984). 
Pan et al. reported a 98% recovery of phosphate from an HFO nanoparticle-based 
sorbent by flushing with 10 bed volumes of a 5% NaOH, 5% NaCl solution. The system 
showed no significant loss in capacity in successive adsorption cycles (2009). A 
saturated carbon-dioxide solution was used to return the system to neutral pH following 
each regeneration cycle. Blaney et al. also observed over 95% recovery of phosphate 
with 12 bed volumes of a 2% NaOH, 2% NaCl regeneration solution (2007). 
Disposal & Leaching tests 
It is important to consider the fate and transport of spent nanomagnetite with 
adsorbed arsenic. The mobility of the nanomaterials, their toxicity on the environment 
and biota, and facilitated transport of heavy metals are of concern. 
Saleh et al. found that unmodified zero-valent iron nanoparticles were immobile 
in porous media (2008). Only when a polymer or surfactant was added were the 
nanoparticles able to flow due to steric, electrostatic, or electrosteric stabilization. The 
mobility of the stabilized nanoparticles in sand columns depended on the ionic strength 
and cations present in solution as well as the physical and chemical heterogeneities of the 
media. 
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Where nanomaterials are mobile, they may facilitate the transport of arsenic or 
other heavy metals through the environment and into biota. Sun et al. determined that the 
introduction of titanium dioxide nanoparticles into arsenic contaminated water increased 
the uptake of arsenic into carp by 132% during 25 days of exposure (2007). 
In controlled lab environments, researchers have demonstrated cytotoxicity of 
some nanomaterials including carbon nanotubes and fullerenes (Sayes, Fortner et al. 
2004; Jia, Wang et al. 2005), yet much more understanding is needed to consider the full 
impacts of the fate and transport of nanomaterials in the environment (Alvarez, Colvin et 
al. 2009). 
In order to dispose of spent adsorbents in public landfills, the EPA requires the 
material be tested under the toxicity characteristic leaching procedure (TCLP). The 
TCLP leachate must comply with heavy metal limits including an arsenic limit of 5mg/l 
in order to be considered non-hazardous (USEPA 2001). In California, more vigorous 
leaching tests are required in addition to the national TCLP tests. They include the TTLP 
and the California Waste Extraction Test (WET), which one researcher found to leach 10 
times more arsenic than the TCLP test from 5 different spent adsorbents (Jing, Liu et al. 
2005). 
In addition to pH and direct chemical extraction, reducing conditions may also 
pose a risk to arsenic desorption and release. One study examined the redox 
transformation and mobility of spent media in reducing conditions (Jing, Liu et al. 2008). 
The media included granular ferric hydroxide, granular ferric oxide, titanium dioxide, and 
activated alumina from several pilot filters. During the 65 day study, mixed reducing 
bacteria were used to reduce the electron activity (pE) from 1.7 to -7. In the reducing 
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conditions, Fe(III) was reduced to Fe(II), As(V) to As(III), and sulfate to sulfide; 
however, less than 4% of the total arsenic was released from any of the iron-based 
materials. The titanium dioxide released up to 38% of the adsorbed arsenic at redox 
potentials below -6. 
3. Materials and Methods 
Sample Waters 
The East Water Treatment Plant on Federal Rd (Houston, TX) provided 6-gallon 
containers of Lynchburg Reservoir raw water, which is supplied from the Trinity River 
and used as municipal drinking water for the city of Houston (Figure 9a). To represent a 
typical groundwater source, water was collected in 6-gallon containers from the Rice 
University well which draws from the Evangeline Aquifer (Figure 9b). Other water 
sources used for adsorption isotherms include Houston tap water collected from a 
commercial restroom in Rice Village (Houston, TX) after flushing sink water for 5 
minutes and water collected at a municipal groundwater well in Guanajuato, Mexico, 
shipped to Rice University via priority airmail. All water containers were stored at 4°C 
after collection. 
Figure 9 - Photos of (a) the Trinity River and (b) the Rice University well 
Experimental samples were filtered by 0.45|am PES filter from Fisher or 
Millipore and acidified to 1% HNO3 before analysis. Each sample was analyzed in 
triplicate and the standard deviation between readings was generally below 5%. 
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Sand and Adsorbent materials 
Biosand filter sand was obtained from the nonprofit organization, International 
Aid, headquartered in Grand Rapids, MI. The sand is heterogeneous in grain-size, 
similar to sand expected at any given site of implementation. 
Magnetite particles were obtained from several different vendors. It is possible 
that the surface of the particles had oxidized to maghemite or hematite in the presence of 
air or oxygenated water; however, no characteristic brown color was observed (Tang, 
Myers et al. 2003). Further investigation would require near-IR spectroscopy, XPS, 
EXAFS, etc. 
Nanomagnetite with a particle size of 20-3 Onm and a purity of 98+% was 
purchased from Reade Advanced Materials in the form of an aggregated powder. 
Product details included BET surface area of >60 m2/g, spherical morphology (see Figure 
10a), bulk density of 0.84 g/cm , true density of 4.8-5.lg/cm and pHpzc of 6.8 (Yean 
2008). Several grams were dry and wet sieved through a series of US Standard sieves to 
determine the size distribution of the aggregates, displayed in Figure 10b. The average 
aggregate sizes by weight were 154|am and 143 (am for the material wet sieved and dry 
sieved, respectively. The material classified as a silty-sand both before and after rinsing. 
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Figure 10 - (a) TEM of Reade nanomagnetite (Yean 2008); (b) Size distribution of 
nanomagnetite aggregates passed through US Standard Sieves. 
BioTrans B22160 nanomagnetite used for adsorption isotherm experiments was 
obtained from BioPigments Ltd, headquartered in Israel. BioTrans B22160 is produced 
by bio-oxidation of iron-containing wastes. Figure 11 displays the BioTrans B22160 
with a gold coating, so the particle size is smaller than it appears on the SEM image. 
Figure 11 - SEM of gold-coated BioTrans B22160. Photo by Jie Yu. 
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Dow Chemical provided a sample (Lot #01350117.1) of Adsorbsia™As500, 
which is a granular Ti02-based adsorbent with inorganic support binder. The bulk 
density is 0.480g/cm3, the specific surface area is 200m2/g, size distribution is depicted in 
Figure 12a. An image of the media with minimal optical magnification is displayed in 
Figure 12b. 
Figure 12 - (a) Grain size distribution of Adsorbsia™As500 media (b) and an image of 
its granular texture (www.dow.com). 
Aldrich <5um magnetite (Lot #05023BI) particles were included in one of the 
adsorption isotherms. 
Various samples of high purity magnetite were shipped from Rockwood Pigments 
NA, Inc., including several materials certified by US FDA and European Commission 
bodies. Compliance with the FDA 21CFR indicates the material can be used as a 
colorant in cosmetic, animal and pet food applications and in packaging or articles that 
come in contact with food. Compliance with the European Commission Directive 
95/45/EC Section 172 for Iron Oxides and Hydroxides indicates its suitability for use in 
coloring of foodstuffs in Europe (EU 1995). The products are sold as black pigment and 
are used in several applications including but not limited to plastics, rubber, adhesives, 
ink, filter paper, cosmetics and pet food. Table 2 displays the products, average particle 
size and lot numbers of the product samples shipped. 
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Table 2 - Magnetite products shipped from Rockwood Pigments NA, Inc. 
Product Name Particle 
Size (nm) 
SSA 
m2/g 
Lot # 21CFR 
Compliant 
95/94/EC 
Sec 172 
J8105 200 - BE08043 Yes No 
BK5599 300 7 115075 No No 
78P 100 - 590C Yes Yes 
BK4799 8 17501292 No No 
845 90 9.5 S4242 Yes No 
850 110 - S2648 Yes No 
848 90 - S3827 Yes Yes 
BK5099 350 6 2011H504073 No No 
BK5000 HP 300 8 105081 No No 
Solution Preparation 
Before each experiment, samples were allowed to come to room temperature and 
were spiked to a specified concentration of As(V) from a stock solution. Stock solution 
was prepared by dissolving arsenic(V) oxide hydrate (Aldrich Chemical Co.) into 
deionized water. The deionized water used throughout this research was produced from 
Rice tap water treated by a reverse osmosis membrane, followed by four Barnstead 
column filters, including a high capacity cation/anion exchange column, two ultrapure 
ion exchange columns, and an organics removal column. Approximately 2ml of the 
54.5mg/l stock solution were used per liter to elevate arsenic concentration to 100 jig/1, 
resulting in minimal dilution (0.2%) of the source water constituents. 
Feed tank solutions were kept well mixed by magnetic stir bar during column 
experiments. To ensure an accurate reading of initial arsenic concentration, duplicate or 
triplicate samples were taken of the feed solution at one or more times during each 
experiment. 
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Batch adsorption experiments 
Twenty-four hour adsorption isotherms were conducted in 50 ml Environmental 
Express vials using an end-over-end mixer. The Environmental Express vials were 
certified to leaching standards of trace-metals when used for hot, acid digestions. For the 
mild conditions of neutral pH and room temperature, the vials were not expected to leach 
arsenic; however, blank vials were run for each batch as a quality control. Arsenic 
concentration on the magnetite solid (qe |ig/g) was determined from the volume of 
solution, the weight of magnetite added, and the initial and final As(V) concentrations in 
solution. Isotherms were plotted as qe versus final concentration in solution, Ce (|ig/l). 
Solution conditions were varied to observe effects of source water (including 
interfering ions, ionic strength, and pH), solid wetting method, adsorbent concentration, 
various adsorbent materials, addition of zinc and iron ions, aggregation size, and 
sonication. 
Water was used from the Lynchburg Reservoir, Houston tap, Evangeline Aquifer, 
Guanajuato well #1, and lab deionization system. Arsenic was spiked to concentrations 
varying between 16 and 2870(ag/l to cover the range of practical interest in the 
environment. The vials were dosed with 0.1, 0.2, or 0.5 g/1 of adsorbent media. 
After mixing, the vials were centrifuged at 4,000 rpm for 30 minutes and 
magnetically assisted sedimentation was used for magnetite samples. All samples were 
filtered and then acidified to 1% by volume with trace metal grade HNO3 (Fisher). 
Dilutions were made as necessary, and all samples were analyzed for total arsenic. 
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Column Materials and Preparation 
Chromatography columns (8.9mm diameter, 25cm height; and 20mm diameter, 
50cm height) from AceGlass were used for gravity controlled experiments. For 
experiments with pump regulated flow, Omnifit 10mm inner diameter columns were 
used. 
Sand and nanomagnetite were weighed by analytical balance (sensitive to O.lmg) 
into a glass vial and mixed by rolling end-over-end or shaking vigorously for one minute. 
A shaker could be used for field application. Figure 13(a) displays a microscope image 
of the raw sand before mixing with nanomagnetite, (b) the pure nanomagnetite, and (c) 
the combination after shaking vigorously for one minute. 
Figure 13 - Optical microscope images (3.75x magnification) of sand media (a), Reade 
nanomagnetite (b), and the resulting blend after shaking vigorously for lmin (c). 
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Columns were wet packed to minimize air pockets within the column and to more 
closely simulate packing of a field-applied biosand filter. Media was slowly poured 
directly into the glass column, maintaining a water level ~lcm above the sand level. 
Deionized water was dispensed into the column in upflow mode during loading, and then 
flow direction was reversed to downflow-mode for column experiments. For initial 
experiments with gravity fed columns, the column was first packed with 2cm of fine 
gravel, 4cm of sand, a predetermined height of the sand/magnetite blend, and finally 5cm 
of sand on top. For pump-fed experiments, the gravel was replaced with 3 mm 
borosilicate glass beads (ChemGlass) and phosphoric acid treated glass wool (Supelco) 
for support. The glass beads disperse influent flow channels and minimize preferential 
flow paths. The layer of glass beads also provides protection against air pockets 
migrating into the column. Any air introduced from the pumping line remained entrained 
in the pore space of the glass beads at the column entrance. 
Figure 14 - Column Apparatus: (1) Feed Tank, (2) P-500 Pump, (3) Nanomagnetite/sand 
packed column, and (4) collection beaker. 
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Method of controlled water flow 
Gravity control, syringe pump (NE-300, New Era Pump Systems, Inc), or 
continuous-flow dual syringe pump (Pharmacia P-500) provided the driving force for 
various column experiments. For gravity control experiments, 250-500ml reservoir 
flasks were charged to a determined water-level to provide the desired flow rate to the 
column below. After each interval, the water level was recharged to the previous fill line 
or to an adjusted level in order to maintain proper flow rate. For short experiments less 
than 12 hours, a syringe pump (NE-300, New Era Pump Systems, Inc) was used to 
deliver feed solution. For longer experiments, a continuous-flow dual syringe pump 
(Pharmacia P-500), as shown in Figure 14, was used to deliver solution from a feed 
reservoir. The flow rate varied by less than 1% over time. The feed reservoir was kept 
well mixed by magnetic stir bar. Samples were collected at intervals manually or by 
using a Waters Advantec 2120 fraction collector. 
Washing 
Between each experiment, glass columns were washed in soapy water, scrubbed 
with cotton swab, rinsed with 1% trace-metal grade HNO3, triple rinsed with DI water, 
and left to dry. All internal tubings were flushed with DI water for several hours between 
experiments. 
Chemical Analysis 
The pH was measured with an Orion-Research combination glass-reference 
electrode calibrated to pH 4, 7, and 10 standards from Fisher-Scientific. Total alkalinity 
was measured by Hach method, where phenolphthalein and bromocresol green-methyl 
red pillows were added to solution and titrated with sulfuric acid to the pH 4.5 endpoint. 
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Hardness was calculated from the concentration of Ca and Mg ions analyzed by Perkin 
Elmer Optima 4300DV Inductively Coupled Plasma-Optical Emission Spectrometer 
(ICP-OES). A Hach SensIonl56 multimeter was used for conductivity measurements. 
The Hach DPD method was used for free and total chlorine. Phosphate and sulfate were 
measured by the Hach PhosVer and SulfaVer methods. COD was determined by Hach 
reactor digestion method for ultra-low-range (0.7-40.0 mg/1) detection. TDS was 
measured by Hach probe. Silica was determined by ICP-OES analysis from the silicon 
concentration. Silica was not speciated, although this may be important for future 
studies. Vanadium and arsenic were measured by ICP-MS analysis as described below. 
A Perkin Elmer Elan 9000 Inductively Coupled Plasma-Mass Spectrometer (ICP-
MS) was used to analyze for total arsenic. A daily performance analysis was performed 
before each batch of samples to ensure system parameters were within the acceptable 
range. The machine was calibrated before each analysis with standards of 0.5, 5, and 25 
jxg/1 of Ag, Al, As, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, In, K, Li, Mg, Mn, Ni, Pb, 
Rb, Se, Na, Sr, Tl, V, U, and Zn from a certified multi-element atomic spectroscopy 
standard solution from PerkinElmer. Additional arsenic standard (CPI International Peak 
Performance) and zinc standard (PerkinElmer) solutions were added to increase the range 
of these two elements to 4, 40, and 200 |ag/l. The calibration solutions were acidified to 
1% by volume with trace metal grade HNO3. Each standard solution was measured in 
triplicate, and the average measurement resulted in calibration curves with R2 values of 
0.999 or better. Generally, whenever the arsenic standard curve dropped below 0.9999, 
the calibration standards were remade. 
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Magnetic separation of magnetite in flowing pipe 
Magnetic separation by permanent magnets was assessed for nanomagnetite 
aggregates in suspension flowing through a pipe. Neodymium permanent magnets where 
purchased from RJ Magnetics in various geometries: rod, cylindrical, and rectangular. 
Magnetic strength was measured by AlphaLab Inc. DC Gaussmeter MIST with NIST 
certified accuracy. Permanent magnets were applied to the outside of a transparent 0.38" 
OD, 0.30" ID, polycarbonate pipe connected to the outlet of a two liter tank (Figure 15). 
The tank was filled with 2 liters of de-ionized water, 0.1 g/1 n-magnetite, and 5mM tris 
buffer and pH was adjusted to 8.3 with trace-metal grade nitric acid. The solution was 
stirred by overhead propeller. A globe valve controlled the gravity driven effluent flow 
rate. The magnets, with field strength of 0.62 Tesla at edges in contact with the pipe and 
0.10 Tesla at a distance of 1cm, were added successively. Samples were collected over a 
range of flow rates for each magnetic configuration, and magnetite was dissolved to free 
iron by Hach FerroVer reagent and analyzed by spectrophotometer. Nanomagnetite 
remaining in the feed tank solution after each experiment was oven dried and weighed to 
determine the final concentration in the feed tank. 
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Overhead propeller 
Figure 15 - Magnetic Separation Apparatus 
4. Results and Discussion 
4.1 Characterization of As(V) Adsorption 
Effects of Source Water on Adsorption Behavior 
A wide range of adsorption isotherm behavior resulted from the various source 
waters, as shown in Figure 16. The source waters varied considerable in pH, ionic 
strength and concentration of interfering species. The water analyses for deionized water 
(DI Water), Trinity River water (Trinity RW), Rice groundwater (Rice GW), Guanajuato 
groundwater (Mex GW), and Houston tap water, used in a later experiment, are displayed 
in Table 3. Given the target Guanajuato well water at 30^ig/L As, the solid/liquid 
partitioning constant, Kd (qe/Ce), at that level is used as a benchmark. The DI Water, 
Trinity RW, Rice GW, and Mex GW sources yielded Kd values of 28.6 (extrapolated), 
9.8, 9.1, and 0.45 L/g, respectively. Arsenic adsorption to nanomagnetite was 
significantly lower in the natural water sources than for that of DI Water and was 
severely hindered in the Mex GW conditions. 
0 20 40 60 80 100 120 
C e (ng/L) 
Figure 1 6 - 2 4 hour As(V) adsorption to 0.1 g/1 Reade nanomagnetite in DI Water, Trinity 
RW, Rice GW, and Mex GW. 
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Table 3 - Select chemical properties of sample waters. Range in values indicates results 
obtained for several samples analyzed. 
DI Water Trinity RW Rice GW Mex GW Houston 
Tap 
pH 5.72 7.99-8.36 X. 16-8.55 8.55 7.77 
Redox (mV) 242 205 184 291 296 
Conductity (uS) B N M H I MHMMNI 558 510 435 
COD (mg/I) 0 0 0 4.2 
Alkalinity (mg/1) H N N H 208 144 
Hardness (mg/1 
a s C a C 0 3 ) 
0 40.4 39.7 110 
Iron (mg/1) 0.11-0.29 0.12 0.7-1.7 lllll 
Phosphate (mg/1) 0 0.09-0.13 0.08 0.12 0.1 1 
Sulfate (mg/1) W R M M I (HRMNHI 44 
Silica (mg/1) 0 5.8 18.5 45-77 8.5 
I DS (mg/1) BIMHHi 198 236 247 294 
Vanadate (fig/I) 0 0 10-21 3.5 
More experimental work will be needed to positively confirm which interferences 
are most significant in the Mex GW. However, from a review of the literature, other 
studies would suggest that the 45-77mg/l of silica present in the water would have a 
dramatic effect on adsorption (Aragon, Westerhoff). The moderate concentration of 
vanadate may also contribute to the reduction but likely to a lesser extent. 
Effect of pH 
Determining the effect of individual interfering ions is a difficult place to start 
when working with the complex matrices of natural waters. Alternatively, it may be 
more practical to determine the effect of pH, which could be easily normalized and 
compared at different values. Given its availability and closest resemblance to the Mex 
GW, Rice GW was chosen for further experimental work. The pH of Rice GW was 
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adjusted to 8.00 and 8.50 to generate the isotherms displayed in Figure 17. Arsenate 
showed a significant drop in affinity to Reade nanomagnetite from pH 8.00 to pH 8.50, 
but not to the level of minimal adsorption displayed earlier in the Guanajuato well water 
at pH 8.55. One would expect a decrease in adsorption when the pH is increased from 8 
to 8.5 due to the electrostatic repulsion between the Reade magnetite (pHpzc~6.8) and the 
arsenate ions (pKa: 2.1, 6.7, and 11.2) which both become more negatively charged at 
higher pH. The experimental Kd of 14.2L/g in Rice GW at pH 8.00 compared similarly 
to reported literature. Shipley et al. reported Kd of 13.7L/g using the same Reade 
nanomagnetite at pH 8.0 in Houston tap water (Shipley thesis and 2009 paper). An 
isotherm with Houston tap water was also produced that confirmed little difference 
between the water used in Shipley's work and that used here. 
0 20 40 60 80 100 
Ce (kig/l) 
Figure 17 - 24-hr As(V) adsorption to 0.1 g/L Reade nanomagnetite in Rice GW at pH 
8.00, Rice GW at pH 8.50, and Houston tap water at pH 8.00. 
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Effect of Aggregation 
The effect of aggregate size on adsorption was examined, given the large size 
distribution of the Reade nanomagnetite aggregates used in this work (Figure 10b). 
Mixed results were observed. No significant difference was observed between 24-hr 
isotherms of sonicated versus non-sonicated aggregates (Figure 18). On the other hand, 
sieved aggregate size fractions showed a general decreasing trend in 24-hr adsorption 
with increasing particle size (Figure 19). However, in dynamic column testing where 
kinetics play a larger role, finer nanomagnetite aggregates produced by abrasive mixing 
with sand showed improved arsenic retention over presumably larger aggregates mixed 
by gentle rolling. Details for the three experiments follow. 
Duplicate sets of vials of Houston tap water were prepared with a series of arsenic 
concentrations and dosed with Reade nanomagnetite. One set was sonicated for 5 
minutes, and then both sets were placed on an end-over-end mixer for 24 hours. As can 
be seen from Figure 18, no improvement was observed for the sonicated vials; however, a 
greater affect may have been observable with shorter timescales. 
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Ce (ng/l) 
Figure 18 - 24-hr As(V) adsorption to sonicated and non-sonicated samples of 0.1 g/1 
Reade magnetite in Houston tap water; pH 8.00. 
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Reade nanomagnetite aggregates were wet sieved with DI water through US 
standard series sieves. A portion from each size fraction was dosed into 333(ag/l As(V)-
spiked Rice GW and rotated end-over-end for 24 hours. Arsenic concentration on the 
solids, depicted in Figure 19, follows a decreasing trend with increasing aggregate size. 
Shielding of inner particle surfaces and air pockets within larger aggregates may 
contribute to this effect. As(V) adsorption to Aldrich micron-sized magnetite confirmed 
less adsorption to particles of lower surface area. 
Figure 19 - Single-dose 24-hr Adsorption: As(V) concentration adsorbed to various 
Reade nanomagnetite aggregate-size fractions; As(V)0=333|ig/l; pH 8.5. 
Sand and nanomagnetite aggregates were mixed by two different methods and 
loaded into a column to compare the effect on arsenic retention. Sand prepared by 
vigorous shaking resulted in a visibly darker media, which is likely a result of physical 
abrasion causing the nanomagnetite aggregates to reduce in size and become more finely 
dispersed among the sand grains. The second sand and nanomagnetite blend was rolled 
gently end-over-end to mix. The media prepared by vigorous shaking improved the 
shape of the arsenic breakthrough curve over magnetite aggregates mixed by gentle 
rolling (Figure 20). As mentioned before the breakthrough curve is much more sensitive 
to kinetic limitations, given the short residence times, compared to 24-hr isotherms. 
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Figure 20 - Breakthrough of 100(j.g/l As(V) spiked Trinity RW in 10cm column of 0.5% 
Reade magnetite; 1.1 min residence time. 
Effect of Solid Wetting Method 
Two solid wetting methods were examined in consideration of the possibility of 
air films hindering solution contact with surface sites (Wilkinson 1975). Figure 21 
displays one isotherm where nanomagnetite powder was gently dropped into solution and 
let settle to the bottom (powder to water). Another isotherm was produced from vials 
with water poured over the powder (water to powder). No consistent trend was observed 
between wetting methods. 
48 
ce(w?/U 
Figure 21 - 24-hr As(V) adsorption to 0.1 g/1 Reade nanomagnetite wetted by dropping 
into Rice GW (powder to water) and by pouring Rice GW over powder (water to 
powder); pH 8.00. 
Effect of Fe(III) and Zn(II) Addition 
Arsenic adsorption to 0.1 g/1 Reade nanomagnetite was enhanced through addition 
of Fe(III) as FeCls with or without addition of Zn(II) as Zn(N0.3)2. Compared with no 
chemical addition, adsorption to nanomagnetite in equilibrium with 30|ig/l As(V) 
increased by 13% with 10mg/l Fe(III) and by 128% with 10mg/l Fe(III) and 2.5mg/l 
Zn(II) combined (Figure 22). At 100jag/l As(V), Fe(III) and Zn(II) addition resulted in a 
four-fold increase in adsorbed As(V) than with nanomagnetite alone. Given the difficulty 
in filtering iron from the treated water, the addition of zinc may help reduce the amount 
of amorphous iron to be filtered. The amount of zinc required for beneficial effect is well 
below the US EPA secondary drinking water guideline (5mg/l). More work must be 
done, however, to determine whether this can be incorporated into column filtration. 
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Ce (tig/D 
Figure 22 - 24-hr As(V) adsorption to 0.1 g/1 Reade nanomagnetite with the addition of 
10mg/l Fe(III) or 10mg/l Fe(III) and 2.5mg/l Zn(II); pH 8.00. 
Comparison of Adsorbents 
Reade nanomagnetite was used extensively in this work because it is well 
characterized. However, nanomagnetite samples from other vendors and a leading TiC>2 
commercial arsenic adsorbent were obtained and analyzed in parallel. Given this 
analysis, the adsorbent costs can be compared on a basis of volume of water treated. 
Adsorption isotherms for several adsorbents were compared in Guanajuato well water at 
pH 8.55 (Figure 23), Rice groundwater at pH 8.50 (Figure 24), and Rice groundwater at 
pH 8.00 (Figure 25). The Rice groundwater matrix was more favorable for arsenic 
adsorption than the Guanajuato groundwater for all adsorbents tested. A selection of 
larger particle-sized magnetite, including food-grade certified magnetite, from 
commercial sources was included in the isotherms in Rice GW at pH 8.00. The fitted 
Freundlich parameters are listed in Table 4 for all adsorbents and water conditions tested. 
The order of adsorption capacity at 30jag/l As(V) from greatest to least is Biotrans 
B22160 > Adsorbsia™As500 > Reade nanomagnetite > EZ Dispersing Black Oxide > 
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food-grade nanomagnetite materials > micron-sized magnetite. The most appropriate 
media for water treatment would depend on the kinetics of adsorption, cost, and safety of 
the material. 
Once again, the effect of Zn(II) in solution was examined. A single adsorption 
point was plotted with 2.5 mg/1 Zn(II) as Zn(N03) added to replicates of the highest 
arsenic concentration condition for each media tested in the Guanajuato GW (Figure 23). 
The Zn(II) seemed to enhance adsorption to the nanomagnetite adsorbents and marginally 
reduce adsorption to Ti02. 
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Figure 23 - 24-hr As(V) adsorption isotherms in Guanajuato GW; pH 8.55; 0.2g/l 
adsorbent media: Adsorbsia™As500, BioTrans B22160, and Reade nanomagnetite. 
Replicates of the highest point were conducted with 2.5mg/l Zn(II) added. 
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Figure 24 - 24-hr As(V) adsorption isotherms with Rice GW at pH 8.50: 
Adsorbsia™As500, BioTrans B22160, Reade nanomagnetite, and Aldrich micron-sized 
magnetite, and with Rice GW at pH 8.00: Reade nanomagnetite. 
Ce (Hg/L) 
Figure 25 - 24-hr As(V) adsorption isotherms with various adsorbents in Rice GW; pH 
8.00. 
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Table 4 - Freundlich parameters and As(V) capacity for adsorbents in various water 
conditions. The qe values represent arsenic concentration on the adsorbent in equilibrium 
with 30(ig/l As(V) in the given water. Adsorbents marked by an asterisk (*) are food-
grade certified. 
Adsorbent SSA Source pH K 1/n qe qe R 
m2/g Water Jig/g ng/m 
Reade magnetite 60 Rice GW 8.00 33.8 0.71 380 6.33 1.00 
Reade magnetite 60 Rice GW 8.50 14.2 0.65 128 2.13 0.99 
Reade magnetite 60 Mex GW 8.55 -0.5 0.49 11.6 0.19 0.66 
BioTrans B22160 - Rice GW 8.00 37.8 0.92 874 - 0.98 
BioTrans B22160 - Rice GW 8.50 48.1 0.68 486 - 0.97 
BioTrans B22160 - Mex GW 8.55 0.08 0.55 102 - 0.84 
Adsorbsia™As500 200 Rice GW 8.00 55.6 0.64 498 2.49 0.99 
Adsorbsia™As500 200 Rice GW 8.50 39.6 0.74 489 2.45 0.99 
Adsorbsia™As500 200 Mex GW 8.55 -0.1 0.95 152 0.76 0.94 
Aldrich <5|nm - Rice GW 8.50 0.04 1.53 6.53 - 0.97 
J8105 - Rice GW 8.00 11.4 0.72 132 - 0.99 
BK5599 7 Rice GW 8.00 9.95 0.63 84.5 12.1 0.99 
78P* - Rice GW 8.00 2.26 1.03 74.5 - 0.99 
BK4799 8 Rice GW 8.00 5.98 0.74 72.9 9.1 0.99 
845 9.5 Rice GW 8.00 3.40 0.86 62.8 6.61 0.98 
850 - Rice GW 8.00 1.20 1.10 51.2 - 0.88 
848* - Rice GW 8.00 4.97 0.72 57.5 - 0.89 
BK5099 6 Rice GW 8.00 4.22 0.75 53.5 8.92 0.99 
BK5000 HP 8 Rice GW 8.00 6.30 0.62 52.5 6.56 0.97 
4.2 Magnetic Capture of Nanomagnetite Aggregates from Suspension 
Effect of Flow Rate on Magnetic Capture 
Based on the experimental apparatus depicted in Figure 15, magnetic separation 
experiments were conducted. For all magnetic configurations, strengths, and geometries 
tested, the non-captured nanomagnetite in the effluent scaled linearly with flow rate. 
Except for the high and low magnetic field extremes, the removal of iron (nanomagnetite) 
versus flow rate passed through the origin with R2 values typically around 0.95 or above. 
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Figure 26 displays the dissolved magnetite in terms of iron concentration that 
evaded magnetic capture by two magnets placed in series along the effluent pipe from the 
feed tank. 
Figure 26 - Suspended nanomagnetite escaping capture by magnetic field induced by 2 
permanent magnets in series outside a 0.38" OD, 0.30" ID pipe. The solid line indicates 
the EPA secondary standard for iron. 
Effect of Steel Wool 
Steel wool was packed into a pipe and effluent water was measured for 
nanomagnetite. Without the magnetic field, nanomagnetite was only slightly retained, 
possibly due to physical straining (Figure 27). When the magnet field was applied, the 
high gradient field lines along each of the steel wool filaments resulted in almost 
complete magnetic capture. However, the steel wool corroded significantly over the 
course of 24 hours when submerged in the oxygenated water (pH 8.3) used for the 
experiment. When magnetic separation was attempted with the corroded steel wool, 
measuring the escaped nanomagnetite was impractical as the effluent water was yellow in 
color due to the corroded iron rust. 
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Figure 27 - Escape of nanomagnetite through a column packed with steel wool with and 
without a permanent magnet applied on the external pipe wall. 
Effect of Various Magnetic Configurations 
Other magnetic configurations were attempted to increase magnetic removal 
without the problem of the corroding steel wool. When three large rectangular magnets 
where added successively to the pipe exterior, incremental improvements were made to 
the removal efficiency, as evidenced by the decreasing slope (Figure 28). Deposits of 
black nanomagnetite could be seen at the surface of the pipe adjacent to each magnet 
with more accumulation visible on the magnets upstream than those downstream. 
Vizimag software was used to create a visual diagram of the field gradient intensity 
(Figure 29), and an array of small pole magnets with alternating polarities was arranged 
accordingly to provide maximum gradient with the given magnets (Beeteson 2009). The 
array, at a fraction of the cost, accomplished similar removal to two large rectangular 
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magnets in series. However, to comply with the EPA secondary standard for iron, the 
flow rate would need to be kept under 5 L/hr, very low for even household, point-of-use 
applications (WHO 2004). The magnetized steel wool was the only method able to 
reduce iron concentrations to below the EPA secondary guideline at higher flow rates. In 
practice, a more conservative level would be called for as a safety factor to prevent 
excess ingestion of arsenic adsorbed to magnetite and given the precautionary diligence 
due to novel nanomaterials (Alvarez, Colvin et al. 2009). 
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Figure 28 - Magnetic removal of 0.1 g/L n-magnetite versus flow for several magnetic 
configurations. The solid line indicates the EPA secondary standard for iron. 
Figure 29 - Vizimag modeling of pole magnets with alternating polarity adjacent to pipe 
(Beeteson 2009). 
Additionally, when the angle of the separation column was adjusted upward and 
downward, no significant change in separation efficiency was detected. Some heavier 
magnetite aggregates remained in the feed tank and also settled in the tubing before 
reaching the magnets. The smallest size fraction was likely the most mobile and the 
most difficult to capture. Initial iron concentration in the form of magnetite was 72.4 
mg/1 in the tank, although settling of larger aggregates resulted in non-homogeneous 
dispersion within the feed solution. To determine the degree of settling, magnetite was 
collected and dried from the last 600 ml of solution not passed through the effluent pipe. 
This remaining solution contained 37.4% higher concentration of magnetite than the 
original feed concentration. As such, and excluding the data set for the non-magnetized 
steel wool, the retention of magnetite by the magnets varied from 98.2 to 99.9% of the 
effective influent feed concentration over all flow rates and configurations. 
The aerated water oxidized the surface of the magnetite mixing in the feed tank 
over time. The transition of the nanoparticles from black to brown was noticeable after 
18 hours of stirring. Using a three-day-old solution of oxidized magnetite, the 
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experiment was rerun. Three times more oxidized iron escaped past the magnets in 
comparison to the fresh magnetite. For these reasons, removal of magnetite by 
permanent magnets can be an effective mechanism for detecting attrition from a 
magnetite-based treatment process, but it does not ensure complete removal. If 
corrosion-resistant steel wool were available, it may be an effective method for removal. 
4.3 Observed Dynamics of Fixed Bed Column Experiments 
Column Blank: Adsorption to Sand Alone 
River water spiked to 120(ig/l As(V) was flowed through a 16cm sand column 
with 5 minute residence time to determine adsorption to sand and background materials. 
The total arsenic adsorbed after 100 pore volumes was 0.48)Lig/g, about three orders of 
magnitude less than adsorbed to nanomagnetite in later experiments. Therefore, in later 
experiments, the adsorption to sand and column materials is assumed to be negligible, 
accounting for less than 1% of the total adsorption. The gradual approach of arsenic to 
full breakthrough could be caused by kinetic limitations or dispersion within the column 
(Figure 30). 
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Figure 30 - Breakthrough of 120jLxg / l As(V)-spiked Trinity RW in 16cm sand column 
with 5.2min residence time. 
Effects of Residence Time and Weight Percent of Nanomagnetite 
For a given packed column, the effect of residence time was examined by varying 
the flow rate (Figure 31). Two columns were packed with 5cm of 5% nanomagnetite by 
weight and flow was set resulting in hydraulic residence times of 3.2 minutes and 36.5 
minutes. The increased residence time delayed 10% breakthrough (C/Co= 0.10) by a 
factor of 1.9 on a pore volume basis. If each stage of the column were at equilibrium 
with the arsenic concentration in the bulk water at all times, there would be no difference 
in the breakthrough curves between the two columns. The ability of flow rate to shift the 
breakthrough curve indicates that the process is kinetically driven. 
The trailing end of the 3.2min curve highlights that shorter contact times can 
delay 90% breakthrough on a pore volume basis in comparison to the 36min curve. The 
earlier initial breakthrough is mediated by the lower slope of the breakthrough curve. 
This resulted in less arsenic adsorbed earlier and more arsenic capacity retained for later 
pore volumes treated. Thus, the mass of arsenic adsorbed onto nanomagnetite is 
approximately equal by the point of 90% breakthrough for the two columns: 196(ig/g and 
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203M-g/g for the 3.2min and 36.5min residence time columns, respectively (Figure 32). 
Therefore on a time efficiency basis, the shorter residence time is superior, loading the 
nanomagnetite to the 200ug/g level 7 times faster than the longer residence time. A 
system with shorter residence time would be appropriate to treat larger volumes of water 
where column filters could be assembled in series, allowing the full capacity of the 
adsorptive media in the first filter to be exhausted without compromising the effluent 
quality of the final filter. 
By increasing the proportion of magnetite in the column from 5% to 20%, the 
initial 10% breakthrough (C/Co=0.1) is extended almost proportionally from 100 PV to 
420 PV with a 3.2min residence time. However, increasing the magnetite weight ratio 
appears to lower the efficiency of arsenic partitioning to the magnetite on a per weight 
basis (jag/g) by the time of 90% breakthrough. The 5% and 20% magnetite columns 
adsorbed 196(ig/g and 157jag/g, respectively by 90% breakthrough. The greater mass of 
nanomagnetite in the 20% column may impose greater mass transfer limitations on the 
system. It is also possible that other interfering species present in the Rice GW may have 
occupied a greater percentage of the magnetite surface sites as a result of the larger 
volume of water that the column processed. Only 58% of adsorption isotherm value was 
retained in the column by the end of the 5% magnetite experiments, and 50% of the 
adsorption value for the 20% magnetite experiment. In addition, the 20% magnetite 
experiment seemed to plateau near 90% breakthrough. Adsorption kinetics may the 
primary reason, but other factors may be important such as contaminant-preloading 
(Sontheimer 1988). 
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According to iron measurements taken of acidified effluent samples, no 
nanomagnetite was released from any of the columns, even at the highest flow rate. 
o U 
u" 
1.0 -
0.9 -
0.8 - d 
0.7 - m 
0.6 -
0.5 -
0.4 -
0.3 - • 
0.2 - • 
0.1 - * 
0.0 I A, • • • 
j ? 
• 5% mag, 36min 
• 5% mag, 3.2min 
& 20% mag, 3.2min 
500 1000 1500 2000 
Pore Volumes 
2500 3000 
Figure 31 - Breakthrough of lOO^g/l As(V)-spiked Rice GW in 5cm columns of 5% and 
20% nanomagnetite with varied residence times; pH 8.50. 
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Figure 32 - Mass of As(V) adsorbed to nanomagnetite in 5cm columns of 5 and 20% 
nanomagnetite with given residence times; pH 8.50. 
Effect of Intermittent Flow 
A column packed with 1% nanomagnetite was operated intermittently over a 5 
day span to examine the effects of starting and stopping flow (Figure 33). After each 
overnight pause in flow, arsenic removal improved for a period of 30 to 50 pore volumes 
before the effluent water returned to the arsenic concentration of the previous night. This 
is another indication there is a kinetic component to adsorption in the column and 
equilibrium is not limiting for the given conditions. Shipley observed a similar kinetic 
effect (Shipley 2007). If the behavior is kinetic in nature, then a concentration gradient 
exists in the adsorbent phase under continuous operation and the external film diffusion is 
not limiting (Sontheimer 1988). During the pauses, the arsenic migrates into inner 
surfaces, normalizing the concentration gradient and reducing the concentration on the 
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external surface of the media. When flow is introduced again, an accelerated rate of 
adsorption can be seen. The kinetic dependency of the column plays a large factor in the 
total adsorption capacity, the shape of the breakthrough curve, and the self regeneration-
like behavior observed with interruptions in flow. After each pause, the arsenic in the 
effluent rose more steeply than the last, indicating an approach to equilibrium arsenic 
concentration on the nanomagnetite for the given inlet arsenic concentration. Another 
possibility is the replacement of competing ions by arsenic over time. Future study will 
be needed to determine if this behavior still occurs in the presence of no competing ions. 
By the time of 50% breakthrough on Day 1, the arsenic loading on the 
nanomagnetite averaged 360(j.g/g. By applying intermittent pauses, arsenic loading was 
extended to 583[ig/g at the same 50% breakthrough mark on Day 3. By the end of Day 5, 
arsenic loading increased to 689p.g/g at 80% breakthrough. The intermittent flow 
resulted in 67% more arsenic adsorbed than continuous flow operation based on an 
extrapolation model of the Day 1 data using least squares fit for the retardation factor and 
dispersion coefficient (Figure 34). This may be an overestimate as the advection 
dispersion model assumes equilibrium conditions and yields only symmetrical 
breakthrough predictions. Even though the front half of the breakthrough curve 
correlated well with the advection-dispersion model (R2=0.9981) as confirmed in Figure 
35, the trailing half would likely be asymmetric due to kinetic limitations of mass-
transfer. Westerhoff et al. observed a similar phenomenon with 12-hr on-off cycles for a 
granular ferric hydroxide column but recorded only 15% increased adsorption compared 
to continuous flow (2005). 
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Figure 33 - Breakthrough of 120/ag/l As(V)-spiked Trinity RW in 10cm column of 1% 
Reade nanomagnetite; intermittent flow; 3.5min residence time. 
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Figure 34 - Cumulative As(V) loaded to nanomagnetite in 1% magnetite column with 
intermittent flow. Advective-dispersion model projection is fitted to Day 1 data. 
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Figure 35 - Correlation of Day 1 data of intermittent flow experiment and advection 
dispersion model fit by least squares analysis. 
Effect of Dispersion of Nanomagnetite 
Given a fixed mass of nanomagnetite, it is slightly more effective when spread 
over a larger mass of sand within a column. A 10cm column of 0.5% magnetite was run 
in parallel to a 20cm column of 0.25% magnetite to simulate this scenario (Figure 36). 
The results are displayed on a normalized pore volume basis given the difference in pore 
volume of the two columns. Both columns were run at the same linear velocity of 
2.8cm/min. Initial breakthrough occurred at similar time; however, the shorter column 
breakthrough occurred more steeply after onset. By the time of 80%) breakthrough for 
each column, the more axially dispersed magnetite had filtered 18% more water. 
Improved performance of the longer column may be due to the extended residence time 
in the column and faster kinetics of mass transfer for the more finely dispersed 
aggregates. According to the pure sand column results, adsorption to the additional sand 
would only account for a 0.6% increase in adsorption in the larger column. 
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Figure 36 - (a) Arsenic breakthrough and (b) arsenic concentration on nanomagnetite for 
RW spiked with 116(j,g/l As(V) flowed at 2.8cm/min through 10cm column packed with 
0.5% nanomagnetite and 20cm column packed with 0.25% nanomagnetite. 
Effect of Inlet As(V) Concentration 
When the feed water was spiked with a lower arsenic concentration, the time to 
breakthrough was extended. Two Rice groundwater samples, spiked with 28p.g/l and 
104|ig/l As(V), respectively, were flowed through identical columns at the same 
operating conditions (Figure 37). The efficiency of the columns can be compared by a 
factor (q[|~ig/g]/Co[|ag/l]) which normalizes arsenic adsorbed to the solid by the feed 
concentration. The q/Co factor describes the amount of arsenic adsorbed, represented by 
the volume of feed water that contains an equal mass of arsenic, per mass of 
nanomagnetite in the column. By termination of the experiments at 875 PV, the lower 
feed concentration had effectively treated a greater volume of the feed water (q/Co): 2.7 
L/g versus 1.9L/g for the higher feed concentration, a 40% improvement. The gain in 
efficiency may be related in part to the favorable isotherm (1/n <1) for Reade 
nanomagnetite in Rice GW at pH 8.5 (Table 4). The solid concentration, q, at 28|ig/l on 
the isotherm is 37.4% higher than a hypothetical linear isotherm, one that goes through 
the origin and the 104|ag/l point for the isotherm in Figure 24, would predict. Although a 
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dynamic process, by 875 PV, the arsenic concentration on nanomagnetite for both 
columns had built up to a similar fraction (58% for the high concentration and 59% for 
the low concentration feed solutions) of their 24-hr isotherm values. This suggests that 
the adsorption isotherm may be an accurate predictor of a column performance for a 
given influent concentration. 
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Figure 37 - As(V) breakthrough through 5cm column of 5% Reade nanomagnetite with 
3.2min residence time; inlet As(V) concentrations of 28jig/l and 104jug/l. 
Breakthrough of Multiple Elements 
Other heavy metals such as silver, cadmium, cobalt, nickel, selenium, uranium, 
and zinc showed affinity to a sand/magnetite column. A broad spectrum of 28 elements 
at 10jag/l each and arsenic at 116 p. g/1 was spiked into Trinity RW and passed through a 
10cm sand column of 0.5% magnetite with a 3.9min residence time (Figure 38). Ag, Be, 
Co, and Cd partitioned strongly to the sand/magnetite mixture and did not exceed 20% 
breakthrough by the end of the column experiment at 400 pore volumes. Cr, Cu, and Pb 
reached 30% to 60% breakthrough within the first 50 pore volumes and were retained at 
that level with minimal change through the end of the experiment. Zn broke through 
immediately and declined with increasing pore volumes, while Ni increased slowly with 
increasing pore volumes. Only Se and U showed sharp breakthrough curves similar to 
arsenic during the timeframe of the experiment. Continued work would be needed to 
determine removal at higher concentrations of target elements without the competing 
effects of the 28 other elements present. 
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Figure 38 - Adsorption of selected elements through a 10cm sand column of 0.5% 
nanomagnetite. Feed solution consisted of Trinity river water spiked with 28 elements at 
10ng/l and As(V) at 116ng/l. 
Regeneration with NH4OH 
Regeneration of a magnetite/sand column was performed with 0.1 M NH4OH 
(Figure 39). The resulting pH was 11.06, which favors the exchange of hydroxide ions in 
solution for arsenate on the magnetite surface. Before regeneration, a column was run to 
full breakthrough with 103 j-ig/1 As(V)-spiked Trinity RW. The gap in data from 250 to 
350 pore volumes was during an overnight period when samples were not taken, but the 
column was still operating. To begin the regeneration cycle, the column was flushed with 
unspiked Trinity RW water to examine the extent of arsenic elution by arsenic-free water 
alone. Figure 40 displays the cumulative total of arsenic contained within the column 
over time. With diminishing effect with continued flushing, 23% of the arsenic 
previously loaded to the column was removed in 102 pore volumes of DI water. This 
indicates that some desorption from nanomagnetite within the column occurs in the 
presence of arsenic-free water. 
Fifty-five pore volumes of 0.1M NH4OH were then passed through the filter with 
an 8min residence time. The first 28 PV removed 85% of the total arsenic removed by 
NH4OH. The full regeneration cycle eluted 79.8% of the total arsenic captured by the 
column during the initial adsorption experiment. The arsenic that remained in the column 
was most likely adsorbed to the most thermodynamically stable sorption sites or to less 
accessible sites with long diffusion pathways. Additional work is needed to determine 
more complete regeneration conditions. 
After the regeneration cycle, a second feed solution of 104|ag/l As(V)-spiked river 
water was flowed into the column. Magnetite adsorbed 256(ig/g As(V) from the second 
feed solution by the time the experiment stopped at 84% breakthrough. This is only 43% 
of the arsenic originally adsorbed at the same point on the breakthrough curve with the 
virgin magnetite. However, if the experiment had not been terminated, additional 
adsorption may have narrowed the total adsorption difference between the first and 
second adsorption cycles. Continued work is needed to examine the most effective 
regeneration conditions and effectiveness after repeated cycles. 
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Figure 39 - Regeneration of nanomagnetite with 0.1M NH4OH. 
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Figure 40 - Arsenic loading onto nanomagnetite through consecutive adsorption, 
regeneration, and adsorption steps. 
5. Case Study 
City of Guanajuato, Mexico, officials and Center for Biological and Environmental 
Nanotechnology researchers collaborate to investigate municipal drinking water 
quality concerns and to research nanomaterial-based treatment options 
Jesse Farrell, Alice Tsao, Sarah Work, John Fortner, Rafael Zarate Araiza, Jorge Duran, 
Qilin Li, Pedro Alvarez, Vicki Colvin, Amy Kan, and Mason Tomson 
Abstract 
Increasingly, cities in Mexico and Latin America are recognizing the importance 
that drinking water quality has on public health, hygiene behavior, and even tourism. 
City officials in Guanajuato, Mexico, are taking a proactive stance to assess and improve 
drinking water quality. They have provided a test-bed site for researchers with the Center 
for Biological and Environmental Nanotechnology at Rice University to develop novel 
nanomaterial-based water treatment technologies suited to address the water quality 
needs in Guanajuato. This case study addresses one of three problem areas identified in 
an assessment of the Guanajuato municipal water quality: arsenic and other heavy metal 
contamination. For the city lake water sources adjacent to historic mining areas, the 
potential for release of heavy metals, including arsenic, from the lake sediments was 
determined to be of low risk. For the city groundwater sources, elevated arsenic 
concentrations were found. In response, laboratory adsorption isotherms and column 
trials were used to estimate cost and understand ideal design and operating parameters for 
arsenic treatment by inline sand filtration that leverages nanomagnetite as an adsorbent 
media. 
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Arsenic Problem 
Arsenic is a semi-metal that occurs naturally in the environment and as a by-
product of industrial activity (Plant, Kinniburgh et al. 2005). The presence of arsenic in 
drinking water is a widespread problem in many developing countries as shown in Figure 
41. Long-term exposure to arsenic can result in cancer of the bladder, lungs, kidneys, and 
skin as well as hyperkeratosis and skin lesions. There is some evidence that increased 
exposure to arsenic elevates risk of Type 2 diabetes (Navas-Acien, Silbergeld et al. 
2008), a problem that may cost the Mexican government three-quarters of total health 
care spending annually (Phillips and Salmeron 1992). 
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Figure 41 - Probability of excessive arsenic contamination found in ground water. 
(Feenstra, Erkel et al. 2007) 
Background on Guanajuato 
Guanajuato, Mexico, is one of the most densely populated Mexican states with 
almost five million inhabitants and over 150,000 people living in the capital city, also 
named Guanajuato (Figure 42). Industrial production is focused on silver and gold 
mining, oil, clothing manufacturing, and tourism. Because of its historical importance 
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and beauty as the world's leading silver mining center in the 18th century, it has been 
designated as a UNESCO World Heritage site. 
Figure 42 - (a) The state of Guanajuato, Mexico, (b) Lake Soledad. (c) Bird's-eye view 
of Guanajuato. 
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Before construction of their first dam in 1749, Guanajuato residents used to rely 
on an adjacent river for their water supply (Simapag 2009). During extremely dry 
seasons, the river would go dry, and people resorted to drinking water from deep mines, 
which resulted in many fatalities. The first dam provided sufficient water supply year 
round, and 100 years later, it was connected to 12 distribution fountains in the city where 
residents would come to purchase water (Figure 43a). In 1880, a large dam was built and 
named La Esperanza, meaning 'The Hope' in Spanish, which increased supply enough 
for residents to have running water in their homes (Figure 43b). The pipes supplied raw, 
untreated river water to city homes until the first water treatment plant was built in 1954. 
In 1983, deep groundwater wells were constructed to supplement the water supply in the 
city. While the city has spent millions over the last decade to improve water quality and 
supply, there are still concerns that heavy metals from the historic mines, microbial 
contamination, or other unknown hazards are present in the water that detrimentally 
affect the health of Guanajuato residents. City officials are also concerned with the 
elevated levels of arsenic in the municipal groundwater wells, from which 60% of the 
city now receives its water. 
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Figure 43 - Photos: (a) Carrying water in historic Guanajuato prior to 1880 and (b) the La 
Esperanza dam after completion (1880). 
Collaboration Established 
In the summer of 2008, a delegation from the Center for Biological and 
Environmental Nanotechnology (CBEN) traveled by invitation to Guanajuato, Mexico, to 
understand health-related concerns related to the municipal water quality and to explore 
opportunities for collaboration using novel nanotechnologies developed at Rice. The 
delegation included Carlos Garcia and Jesse Farrell, and Drs. Vicki Colvin, Pedro 
Alvarez, Mason Tomson, and John Fortner. During the initial visit, city, state, and 
federal government officials as well as representatives from the local university 
expressed their enthusiastic support for collaboration with CBEN to assess water quality 
issues in Guanajuato and to develop and test appropriate, nanomaterial-based treatment 
options for water issues affecting Guanajuato. The director of the city water company, 
Simapag, agreed to make lab and office spaces available and to facilitate the test-bed 
work (Figure 44). The decision was made to move forward with an assessment of the 
city water system. 
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Figure 44 - Photos of the (a) office space and (b) lab space provided by Simapag. 
Pictured from left to right: Jesse Farrell (Rice student), Raphael Zarate-Araiza (Simapag 
director), and Dr. Qilin Li (Rice professor). 
Water Quality Assessment 
During the initial assessment trip in January 2009, Rice professor Qilin Li and 
Jesse Farrell conducted an extensive sampling of the city water system, from the lake and 
groundwater sources to every stage in the drinking water treatment plant and finally, to 
the city residents (Figure 45). For this assessment, water quality parameters were 
measured at each site, and samples were and preserved for additional testing in the 
provided Guanajuato lab space and back at Rice University. 
Figure 45 - Photos of (a) CBEN researchers Jesse Farrell and Dr. Qilin Li sampling at a 
home in Guanajuato, and (b) a groundwater well sampling site. 
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The water assessment highlighted three problem areas for the city. First, elevated 
concentrations of arsenic and other heavy metals were present in the groundwater, and 
one well produced water at the current Mexican contaminant level. As a health matter, 
removing arsenic from the groundwater could reduce the incidence of arsenic-related 
diseases. As a practical matter, if groundwater arsenic concentrations were to increase or 
if Mexican regulators were to lower the acceptable limit to the current WHO standard, 
the well could be decommissioned, leaving the growing city with the need to find 
additional water capacity. Although arsenic and other heavy metals did not show up in 
significant concentrations in the lake water, sediment samples were collected from the 
two lake sources and analyzed for trace heavy metals, as described in detail in later 
sections. 
A second issue identified stems from the practice of residents in routing all water 
through household-scale storage tanks on the rooftop of each building. The chlorine 
introduced at the municipal treatment plant is not sufficient for the long holding periods 
in the tanks, so biological contamination can exist and cause health problems. The 
practice of routing water through storage tanks has been carried over from other 
communities in Mexico and Latin America where water utilities are unable to supply a 
continuous supply of water. Even though this is not an issue in Guanajuato, storage tanks 
are prolific in the city. 
Lastly, high iron concentrations and seasonal variability of turbidity in the lakes 
make effective coagulation and flocculation difficult. When treatment is inadequate, 
turbid water can release into the distribution system and pose health and aesthetic 
concerns. 
Each of the issues is unique and requires a different research approach. The 
CBEN group has had most involvement to date with nanomagnetite as an arsenic 
adsorbent, so addressing the arsenic contamination was the first issue to gain traction in 
the laboratory. The remainder of this report focuses on the arsenic issues alone: the 
potential for release of arsenic and other heavy metals from lake sediments into the lake 
water, and the potential for a nanomagnetite based treatment system to remove arsenic 
from the groundwater. 
Materials and Methods 
Sample Acquisition and Storage 
Sediment samples were collected and dried for extraction tests from Lake 
Esperanza and Lake Soledad, the two water sources used by the Guanajuato drinking 
water treatment plant. 
Three sample sets of water from Guanajuato were analyzed in this work. The first 
set included six surface water samples collected in the summer of 2008 which were 
shipped by bus-line to Rice University for analysis. The second set was collected and 
analyzed largely onsite by CBEN researchers during the January 2009 assessment trip. 
Lastly Simapag personnel shipped raw groundwater samples via priority airmal to Rice 
University in the summer of 2009 from the same arsenic-contaminated well sampled 
during the previous assessment trip in order to conduct adsorption isotherms. Raw 
groundwater from a Rice University well prior to chlorination was also collected for a 
point of comparison. All water samples were stored at 4°C, and were allowed to come to 
room temperature before analysis. 
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Chemical Analysis 
The pH was measured with an Orion-Research combination glass-reference 
electrode calibrated to pH 4, 7, and 10 standards from Fisher-Scientific. A Hach 
SensIonl56 multimeter was used for conductivity measurements. TDS was measured by 
Hach probe. Total alkalinity was measured by Hach method, where phenolphthalein and 
bromocresol green-methyl red pillows were added to solution and titrated with sulfuric 
acid to the pH 4.5 endpoint. Phosphate was measured by the Hach PhosVer methods. 
COD was determined by Hach reactor digestion method for ultra-low-range (0.7-40.0 
mg/1) detection. The Hach FerroVer method was used to measure total Fe, which 
includes the particulate, as well as, dissolved Fe. Dissolved Ca, Mg, Fe, Si, Na, and K 
were determined by Perkin Elmer Optima 4300DV Inductively Coupled Plasma-Optical 
Emission Spectrometer (ICP-OES). Dissolved Ag, As, Be, Ca, Co, Cr, Cu, Pb, Se, U, V, 
and Zn were determined by Perkin Elmer Elan 9000 Inductively Coupled Plasma-Mass 
Spectrometer (ICP-MS) analysis as described below. 
A daily performance analysis was performed before each batch of samples was 
processed on the ICP-MS to ensure system parameters were within the acceptable range. 
Next, the machine was calibrated with standards of 0.5, 5, and 25 fj.g/1 of Ag, Al, As, Ba, 
Be, Bi, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, In, K, Li, Mg, Mn, Ni, Pb, Rb, Se, Na, Sr, Tl, V, 
U, and Zn from a certified multi-element atomic spectroscopy standard solution from 
PerkinElmer. Additional arsenic standard (CPI International Peak Performance) and zinc 
standard (PerkinElmer) solutions were added to increase the range of these two elements 
to 4, 40, and 200 \ig/\. The calibration solutions were acidified to 1% by volume with 
trace metal grade HNO3. Each standard solution was measured in triplicate, and the 
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average measurement resulted in calibration curves with R2 values of 0.999 or better. 
Whenever the arsenic standard curve dropped below 0.9999, the calibration standards 
were remade. 
Experimental samples were filtered by 0.45|am PES filter from Fisher or 
Millipore and acidified to 1% HNO3 before analysis. Each sample was analyzed in 
triplicate and the standard deviation between readings was generally below 5%. 
An organics analysis of surface water samples was performed by passing 100ml 
of sample through a Waters C-l 8 Sep-Pak to retain organic contaminants. Methylene 
chloride was used to elute the organics. The eluted solution was analyzed by gas 
chromatography-mass spectrometry (GC-MS) and peaks were matched with the stored 
library of chemical spectra. Peak areas were converted to concentration relative to the 
peak area of a known naphthalene standard. 
Metals Resuspension and Extraction from Sediments 
To assess the resuspension of metals, 2g of sediments from Lake Soledad and 
Lake Esperanza were added to respective vials and mixed with 200ml of synthetic river 
water composed of 0.01M NaCl, 0.86mM NaHC03 , 0.33mM CaCl2, and lOmM NaN3. 
Duplicate samples of each were taken immediately upon resuspension and after one week 
of stirring. The samples were analyzed by ICP-MS. 
For chemical extraction, 5g of sediment was added to 25ml of 0.05M Na2H2 
EDTA and NH4OH at pH of 7. The sediment samples were mixed into the solution and 
sampled after one hour of stirring. Samples were diluted as necessary and analyzed by 
ICP-MS. 
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Sediment samples were digested using a modified EPA acid digestion method 
(Method 3005A), substituting concentrated HNO3 for HC1 acid to prevent chloride 
interferences in the measurement of arsenic by ICP-MS. One gram of the sample was 
mixed thoroughly in 40ml DI water and 7% concentrated HNO3 by volume. Samples 
were covered with ribbed watch glasses and heated at 95 °C on a hot plate at until 
volumes were reduced to 5-1 OmL. The digestion vials were purchased from 
Environmental Express and were certified to leaching standards of trace-metals for use in 
hot acid digestion. After digestion, the solutions were diluted as necessary and analyzed 
by ICP-MS. 
Batch Adsorption Isotherms 
Groundwater was spiked with As(V) to concentrations covering the spectrum of 
practical interest in the environment (16, 55, 160, 333, 880, and 2870|ug/l). Vials with 
50ml of each solution were dosed with lOmg of adsorbent media and mixed end-over-end 
for 24 hours. Samples were diluted as necessary and analyzed by ICP-MS. 
Column Methods 
Sand and nanomagnetite were weighed by analytical balance (sensitive to O.lmg) 
into a glass vial and mixed by shaking vigorously for one minute. Columns were wet 
packed to minimize air pockets within the column and to more closely simulate packing 
of a field-applied biosand filter. Media was slowly poured directly into the glass column, 
while the water level was maintained 1cm above the sand level. Deionized water was 
dispensed into the column in upflow mode during loading, and then flow direction was 
reversed to downflow-mode for column experiments. Phosphoric acid treated glass wool 
(Supelco) and 3mm borosilicate glass beads (ChemGlass) were used to support the sand, 
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nanomagnetite media. A Pharmacia P-500 continuous-feed, dual-syringe pump delivered 
accurate flow rates with <1% variation in flow. 
Results and Discussion 
Water Quality Assessments 
The first water quality assessment of Guanajuato water indicated elevated levels 
of arsenic in the groundwater and high turbidity, high iron, and a trace concentration of 
diphenyl ether in the two raw lake water samples (Appendix A). The water samples 
analyzed post-treatment indicate that the turbidity was reduced from 700 NTU to 10 
NTU, the iron from 35mg/l to 0.47mg/l, and the organics to non-detectable levels. No 
other items of concern were found. 
The second water quality assessment was performed on-site in Guanajuato to 
capture time-sensitive water quality parameters such as pH, redox potential, dissolved 
oxygen, temperature, and chlorine residual (). The groundwater sources showed similar 
heavy metal composition to the previous assessment, although one well (Mex GW) was 
found to exceed WHO/EPA level guidelines for arsenic and lead. A chart of the full 
sampling results is included in Appendix B. 
An additional water quality assessment of Mex GW and Rice GW (Table 5) was 
performed before conducting adsorption isotherms. The Mex GW arsenic concentration 
was measured higher than found during the January assessment, and now exceeded the 
Mexican contaminant limit of 25\xg!\. 
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Table 5 - Chemical analysis of the Mexico and Rice GW used for adsorption isotherms. 
Test 
Method 
Mex 
GW 
Rice 
GW 
Primary 
Std 
Secondary 
Std Agency Units 
PH Electrode 8.31 8.24 6 .5 -8 .5 
Conductivity Electrode 510 493 
TDS Electrode 247 236 500 US EPA mg/l 
Alkalinity Hach 208 218 mg/l as CaC03 
Phosphate Hach 0.12 0.08 mg/l as PO43" 
COD Hach 0 0 mg/l 
Iron Hach 0.38 0.15 0.3 US EPA mg/l 
ICP - Total Dissolved Metals 
Ca ICP 3.45 11.23 mg/l 
Mg ICP 0.16 3.00 mg/l 
Fe ICP 0.00 0.00 0.3 mg/l 
Si ICP 21.00 8.63 mg/l 
Silica Calc 44.92 18.46 mg/l 
Na ICP 121.6 103.9 mg/l 
K ICP 1.36 1.41 mg/l 
ICP/MS - Total Dissolved Metals 
Ag ICP/MS 0.004 0.001 100 US EPA ng/i 
As ICP/MS 31.20 2.12 10 US EPA ng/i 
Be ICP/MS 0.02 0.00 4 US EPA ng/i 
Cd ICP/MS 0.01 0.01 3 WHO ng/i 
Co ICP/MS 0.13 0.09 ng/i 
Cr ICP/MS 0.92 0.83 50 WHO ng/i 
Cu ICP/MS 5.63 27.09 1,300 1,000 US EPA ng/i 
Pb ICP/MS 6.51 0.56 10 WHO ng/i 
Se ICP/MS 0.62 0.43 10 WHO ^g/i 
U ICP/MS 3.11 0.10 15 WHO ng/i 
V ICP/MS 4.38 -0.40 ng/i 
Zn ICP/MS 5.52 4.73 5,000 US EPA ^g/i 
Metal concentration in sediment samples 
Table 6 displays the propensity of selected metals to resuspend into a synthetic 
river water solution over time. The total recoverable metals by EDTA extraction and 
acid digestion were also included. The concentration of arsenic released from the 
sediment within 1 minute of mixing indicates that some arsenic was present in a readily 
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soluble form in the sediment, likely as salt deposits from the drying process. The 
concentration of arsenic did not change significantly after 1 week of mixing, taken to be 
equilibrium conditions, meaning that arsenic does not strongly partition to the water from 
the given sediments. Given the low arsenic content in the sediment (f-ig/g), shown by the 
acid digestion, and the low equilibrium concentration in the synthetic river water, the risk 
of arsenic entering the lake water in high concentrations from the sediments is low. 
There does not appear to be any lingering heavy metal problems in the lake sediments 
analyzed. 
Table 6 - Metal concentrations released from Soledad and Esperanza sediments in various 
conditions and equilibrium aqueous concentration in synthetic river water. 
Soledad Sediment 
Ag 0.002 0.003 0.03 0.008 0.093 
As 0.151 0.235 2.35 0.052 2.530 
Cd 0.001 0.001 0.01 0.027 0.075 
Co 0.008 0.043 0.43 1.737 16.898 
Cr 0.088 0.103 1.03 0.482 65.894 
Cu 0.505 0.775 7.75 5.793 35.818 
Ni 0.041 0.130 1.30 4.330 277.291 
Pb 0.005 0.006 0.06 2.208 5.705 
Zn 0.238 0.207 2.07 3.341 118.891 
Esperanza Sediment 
Ag 0.001 0.004 0.042 0.018 0.205 
As 0.156 0.292 2.92 0.144 9.763 
Cd 0.006 0.005 0.05 0.177 0.250 
Co 0.042 0.073 0.73 1.807 6.278 
Cr 0.097 0.213 2.13 0.762 30.728 
Cu 0.633 1.864 18.63 26.946 82.642 
Ni 0.169 0.510 5.10 7.584 222.752 
Pb 0.000 0.048 0.48 7.191 22.619 
Zn 0.285 0.285 2.85 13.661 232.879 
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Adsorption Isotherms 
The adsorption isotherms for various adsorptive media varied widely with source water. 
All media was much less effective in the Mexican well water conditions (Figure 46) in 
comparison to the Rice GW (Figure 47). Among the species analyzed in Table 5 which 
cause known interferences to arsenic adsorption, silica and vanadate are present in 
significantly higher concentrations in the Mexican well water. Silica has been shown to 
severely hinder adsorption to both iron oxides and to the Adsorbsia™As500 media. 
When the pH of the Rice GW was adjusted from 8.50 to 8.00, the adsorption capacity to 
Reade nanomagnetite was doubled. During later field studies, pH adjustment will be a 
critical tool to be examined for the economical treatment of large quantities of water. 
600 Adsorbsia™As500 
—•—BioTrans B22160 
500 
Reade nanomagnetite 
0 
0 50 100 150 200 250 
c e (Mg/1) 
Figure 46 - 24-hr As(V) adsorption isotherms in Guanajuato GW; pH 8.55; 0.2g/l 
adsorbent media: Adsorbsia™As500, BioTrans B22160, and Reade nanomagnetite. 
Replicates of the highest point were conducted with 2.5mg/l Zn(II) added. 
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Figure 47 - 24-hr As(V) adsorption isotherms with Rice GW at pH 8.50; 
Adsorbsia™As500, BioTrans B22160, Reade nanomagnetite, and micron-sized 
magnetite, and with Rice GW at pH 8.00: Reade nanomagnetite (Repeat of Figure 24). 
Column Trials 
During the column trials, several design and operating parameters will tested to 
determine effect on arsenic removal. The most significant parameters affecting removal 
were the magnetite to sand proportion in the column and the hydraulic residence time in 
the column. Figure 48 displays how increasing the proportion of nanomagnetite from 5% 
to 20% nanomagnetite extends the treatment capacity of the column. In addition, 
increasing the residence time from 3.2 to 36 minutes acts to delay initial breakthrough 
and improve the profile of the breakthrough curve, although the total arsenic removed for 
both residence times approaches the same quantity at exhaustion (Figure 49). That 
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quantity is near 200|ag/g for the 5% magnetite columns, whereas the adsorption isotherm 
would predict 349|ag/g to Reade nanomagnetite at pH 8.50 conditions. The reduction in 
adsorption capacity may be due to interfering ions, kinetics of adsorption, or non-uniform 
flow paths and channeling. 
By adjusting the residence time, the desired arsenic removal behavior can be 
designed for given the needs of a particular application. For a home-scale drinking water 
system where less treated water is required and extended operation before initial 
breakthrough is needed, a single filter with larger residence time would be ideal. For a 
large-scale system, where maximum throughput is desired, short residence times can be 
used. Even though the breakthrough curve will not be ideal at short residence times, the 
system can be designed to operate columns in series, allowing the full column capacity of 
the initial column to be exhausted while columns downstream ensure complete arsenic 
removal. 
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Figure 48 - Breakthrough of 100|ag/l As(V)-spiked Rice RW in 5cm columns of 5% and 
20% nanomagnetite with varied residence times (Repeat of Figure 31). 
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Figure 49 - Mass of As(V) adsorbed to nanomagnetite in 5cm columns of 5 and 20% 
nanomagnetite with given residence times (Repeat of Figure 32). 
Adsorbent Cost of Treatment 
Without pilot-testing, it is difficult to determine an accurate cost of treatment for 
scale-up as there are many factors come into effect. These factors are not comprehensive, 
but include: (1) interferences may have a different effects in batch isotherms versus 
dynamic column situations, (2) fluctuations in inlet water chemistry may occur that affect 
removal, such as inlet arsenic concentration, pH, temperature, seasonal variations, (3) 
mass transfer kinetics in lab columns may not scale proportionally to pilot- and full-scale, 
(4) regeneration conditions at the large scale may differ from lab-scale, and (5) fouling or 
plugging may occur at the full scale during the treatment period and require backwash or 
other treatment. 
To determine cost, several large simplifying assumptions must be made until 
further research and pilot experiments are performed to add refinement. At present, the 
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following assumptions are made to estimate adsorbent media costs listed in Table 7 for 
the treatment of arsenic by column filtration: (1) Due to column limitations, media is 
assumed to adsorb arsenic in the column to a fraction of the capacity (0.6 used in cost 
analysis below) of the 24-hr adsorption isotherm for the given inlet arsenic concentration. 
(2) Inlet water with 30jj.g/l As(V) is treated to Op.g/1 by columns arranged in series and is 
blended with raw water to the target concentration of 25(j.g/l. (3) As(V) is considered 
only, although As(III) has shown to adsorb similarly to iron-oxide media - this is not the 
case for Ti02 media. (4) Regeneration cycles recover all adsorbed arsenic and return 
media to its initial state. (4) No auxiliary materials, construction, labor, operating, or 
regeneration and disposal costs are considered at this time. Adsorbent cost is calculated 
based on the following equation: 
$ 
Cost 
$ 
m~ 
Media Cost 
kg. 
qe x Fraction of Isotherm x 1000 3 kg. 
I 
x ((-As,initial [~] — ^As,target [~]) X f 0^0 
-5- (Regenera t ion Cycles) 
Table 7 suggests that in the Mexican groundwater with one adsorption step, 
Adsorbsia™As500 single-use media is capable of removing the most arsenic (152jag/g). 
However, with 5 regeneration cycles the BioTrans B22160 could remove over 3 times 
more arsenic than the Adsorbsia™As500 media, resulting in an adsorbent cost of $0.23 
per thousand liters (USD/m ). The cost of the Reade nanomagnetite makes it impractical 
for water treatment, but the low cost of food grade adsorbents and their inherent safety 
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make them an attractive alternative. Additional pilot testing in actual groundwater 
conditions is required to determine their utility. 
Table 7- Adsorbent cost to treat As(V) in groundwater from 30|ig/l to 25(j.g/l in the given 
conditions assuming media adsorbs arsenic to 60% of its adsorption isotherm value. 
Adsorbents marked with an asterisk (*) are food-grade certified. 
Adsorbent 
Source 
Water pH $/kg qe (jlg/g) 
Regen 
Cycles $/m
3 
Reade magnetite Rice GW 8.00 260 380 5 1.14 
Reade magnetite Rice GW 8.50 260 128 5 3.39 
Reade magnetite Mex GW 8.55 260 11.6 5 37.36 
BioTrans B22160 Rice GW 8.00 14 874 5 0.03 
BioTrans B22160 Rice GW 8.50 14 486 5 0.05 
BioTrans B22160 Mex GW 8.55 14 102 5 0.23 
Adsorbsia™ As5 00 Rice GW 8.00 14 498 1 0.23 
Adsorbsia™As500 Rice GW 8.50 14 489 1 0.24 
Adsorbsia™ As5 00 Mex GW 8.55 14 152 1 0.77 
<5|j.m magnetite Rice GW 8.00 2.2 6.53 5 0.56 
J8105 Rice GW 8.00 5.5 132 5 0.07 
BK5599 Rice GW 8.00 5.5 84.5 5 0.11 
78P* Rice GW 8.00 5.5 74.5 5 0.12 
BK4799 Rice GW 8.00 5.5 72.9 5 0.13 
845 Rice GW 8.00 5.5 62.8 5 0.15 
850 Rice GW 8.00 5.5 51.2 5 0.18 
848* Rice GW 8.00 5.5 57.5 5 0.16 
BK5099 Rice GW 8.00 5.5 53.5 5 0.17 
BK5000 HP Rice GW 8.00 5.5 52.5 5 0.17 
Conclusion 
Guanajuato city officials and CBEN researchers at Rice University have 
collaborated to address water quality concerns and establish a field testing site for nano-
material based water technologies. Besides the issues of microbial contamination posed 
by household storage tanks and seasonal variations of lake water which make treatment 
difficult, heavy metal contamination was assessed. Heavy metals were not determined to 
be a significant threat from surface water sources; however, arsenic present in the 
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groundwater at or near the maximum contaminant limit was identified and targeted for 
research work. Nanomagnetite was used as an arsenic adsorbent in batch isotherm and 
column studies to determine optimal column design and operating conditions and to 
estimate treatment costs. Packed filters of sand and nanomagnetite with short residence 
times on the order of a few minutes are recommended for treating large quantities of 
water. Scale-up to pilot testing is underway and will provide additional refinement to the 
estimated cost of treatment and the feasibility of a full scale system. 
6. Conclusion 
Arsenic is becoming a significant health concern as more and more small cities, 
remote communities, and individual households rely on groundwater as their principle 
source of water due to inaccessibility, limited supply, or microbial contamination of 
surface water (Bagla 2003; El Tahlawi, Farrag et al. 2008). The use of nanomagnetite 
may have application as an efficient arsenic adsorptive media for arsenic-bearing 
groundwater when coupled with sand filtration for small to medium scale treatment. 
This work demonstrated the As(V) capacity of various nanomagnetite adsorbents. 
Natural waters with low pH, low silica, and low vanadium facilitated greater adsorption 
to nanomagnetite. Moreover, the addition of Zn(II) and Fe(III) further augmented arsenic 
adsorption. When nanomagnetite aggregate size was reduced by sonication, no 
significant change in As(V) capacity was observed during 24-hr isotherms; however, 
aggregates that were ground and dispersed by vigorous mixing with sand displayed 
significant delay in arsenic breakthrough in column trials where kinetics play a larger 
role. 
Magnetic capture by permanent magnets was demonstrated as a viable means to 
capture over 98% of aggregated nanomagnetite suspended in liquid flowing through a 
pipe. This rate of removal was insufficient to reduce the magnetite concentration to 
acceptable levels below the US EPA secondary standard for iron, unless steel wool was 
used. However, steel wool may be problematic as it begins corroding within 24 hours. 
Magnetic capture may best be suited as an alerting mechanism for nano-magnetite release 
in a water treatment process, rather than as a primary defense. 
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In column experiments, sand was demonstrated to adsorb little arsenic but 
provided a secure porous matrix to suspend nanomagnetite aggregates which participated 
in adsorption. No measurable release of nanomagnetite was detected in any of the 
column experiments, even at high flow rates. The most significant factor influencing the 
effective volume of water treated by a column is the ratio of nanomagnetite to sand. The 
kinetics of adsorption are highly dependent on internal pore and surface diffusion, and 
thus residence time and pauses in flow can largely affect the shape of the breakthrough 
curve. 
In a column trial with lower inlet arsenic concentration the arsenic capacity was 
similarly decreased in proportion to the reduced capacity displayed by the isotherm. 
Given non-linear isotherms with 1/n Freundlich parameters less than one, decreasing inlet 
arsenic concentration will tend to delay breakthrough. 
Other metals besides arsenic displayed affinity for the nanomagnetite, sand media 
although additional work would be needed to isolate the behavior of adsorption for the 
individual elements in the absence of the other adsorbing species present. 
A solution of 0.1 M NH4OH was shown to partially regenerate a column of 
nanomagnetite in-situ. The 55 pore volumes of solution eluted close to 80% of the 
arsenic originally adsorbed. 
Future work 
• The biosand filter may be an ideal point-of-use application for nanomagnetite due 
to long residence times within the filter, intermittent pauses when not in use, and 
low volume requirements as water is typically used for drinking and cooking 
only. Depending on the water chemistry and household water needs, a modified 
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biosand filter could potentially last years before regeneration is required. Many 
of the drawbacks of the MIT arsenic biosand filter may be avoided (large 
requirement for nails - 5kg, short residence times in the diffuser plate, rust rapidly 
plugging the filter, iron flakes with adsorbed arsenic negatively impacting biofilm 
effectiveness, etc.). Future research should focus on assessing filter lifetime given 
typical water conditions seen in arsenic endemic areas. The biofilm effectiveness 
should be assessed for determining any effect on its ability to remove bacteria, 
viruses, and protozoa. Head loss should be measured. A location with 
moderately high arsenic concentration for field studies should be found. 
• Interfering species may contribute largely to the 40% loss in adsorption capacity 
seen between adsorption isotherms and column experiments. Column 
experiments with high purity, lab-grade water should examine potential 
adsorption efficiency without interferences and then interferences should 
systematically be introduced into the lab-grade water or systematically removed 
from natural waters. Once interfering species are identified, pretreatment and/or 
regeneration conditions can be modified appropriately to minimize or remove 
their effect. 
• The addition of Zn(II) and Fe(III) should be further examined for greater 
compatibility with column systems. 
• The regeneration cycle used in this work was only 80% effective and appeared to 
cause a decrease in adsorption capacity during the second cycle. The successful 
regeneration conditions used by other researchers for similar iron-oxide 
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adsorbents should be assessed. The total number of regeneration cycles and the 
capacity loss with each cycle should be determined. 
• The spent media of column tests should undergo TCLP and CA WET extraction 
tests to determine if the material is appropriate for standard disposal or would 
require special treatment. 
• Pilot-scale testing with groundwater from Guanajuato should be conducted to 
determine characteristics of breakthrough, capacity, and scale-up in actual field 
conditions. 
• Short columns could be run in series with sample points in between to model the 
zone of mass transfer in a similar continuous column of greater length. This data 
could be fit to model transport through longer, full scale columns. 
• Additional novel adsorbents (food-grade nanomagnetite, kitchen synthesis 
nanomagnetite) should be analyzed and characterized more thoroughly in 
isotherm and column experiments. 
• Additional commercial media (Adsorbsia™, granular ferric hydroxide, activated 
alumina, etc) should be used in column experiments to determine cost-
competitive performance. 
• For higher-tech application, the bulky sand matrix could be replaced with a high 
surface area, support matrix such as granular activated carbon, zeolite, or celite 
(electrostatic loading of 2nm Fe/FeO particles on the surface of silica, for 
example). This may increase available surface area for sorption, improve 
kinetics, and increase hydrodynamic particle size for reduced pressure drop and 
risk of nanomaterial attrition from the column. 
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Appendix A 
Assessment of water samples shipped from Guanajuato, Mexico to Rice University; 
Summer of 2008. 
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Appendix B 
Guanajuato assessment trip; Water analysis results; January 2009 
(1)Onsite Analysis. Time-sensitive water quality parameters 
(2)Metals Analysis. Values highlighted in orange exceed primary drinking water 
standards; values highlighted in yellow approach but do not exceed primary drinking 
water standards; and values highlighted in gray approach or exceed secondary drinking 
water guidelines. 
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